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THE EFFECTS OF BUFFERS AND CARBON DIOXIDE DEFICIENCY 
ON THE MULTIPLICATION OF HERPES SIMPLEX AND 
VACCINIA VIRUSES IN HELA CELL CULTURES
CHAPTER I  
INTRODUCTION
Mammalian c e l l s  c u l t i v a t e d  iji v i t r o  have been  used  s u c c e s s ­
f u l l y  i n  th e  s tu d y  o f  h o s t  c e l l - v i r u s  r e l a t i o n s h i p s .  W ith such c e l l s ,  
c e r t a i n  r e a c t i o n s ,  u n com plica ted  by th o se  f a c t o r s  a s s o c i a t e d  w i th  an 
a n i m a l ' s  normal d e fe n s e  mechanisms, can be s tu d ie d  in  a c a r e f u l l y  co n ­
t r o l l e d  en v iro n m en t.  In  i n  v i t r o  sy s te m s ,  a  d e f i n i t e  number o f  g e n e t i ­
c a l l y  homogeneous c e l l s  can be i n f e c t e d  w i th  a known number o f  i n f e c ­
t i o u s  v i r u s  p a r t i c l e s ;  th e  e v en ts  which ta k e  p la c e  w i t h i n  th e  h o s t  c e l l  
can  be s tu d ie d  more e a s i l y  th a n  i n  system s which u t i l i z e  i n t a c t  an im a ls .  
I t  i s  n e c e s s a ry  to  know as  much a s  p o s s i b l e  abou t th e  norm al a t t r i b u t e s  
o f  u n in f e c t e d ,  ^  v i t r o  c u l t i v a t e d  mammalian c e l l s  b e f o r e  a s tu d y  o f  
th e  h o s t  c e l l - v i r u s  r e l a t i o n s h i p  i s  u n d e r ta k e n .
There  a r e  t h r e e  ty p e s  o f  m onolayer c e l l  c u l t u r e s :  p r im ary ,
s e r i a l l y  p ro p a g a te d ,  and c l o n a l  c e l l  l i n e s .  When an im al t i s s u e s  a r e  
grown Iji v i t r o  fo r  th e  f i r s t  t im e ,  th e  i n i t i a l  growth i s  termed a p r i ­
mary c u l t u r e .  A lthough many c e l l s  o r  t i s s u e s  o f  a d u l t  an im a ls  canno t 
be grown s u c c e s s f u l l y  ^  v i t r o , v e ry  o f t e n  p r im ary  c u l t u r e s  can be
1
2i n i t i a t e d  from th e  same ty p e  o f  t i s s u e  when I t  I s  ta k e n  from an  embryo 
o r  f e t u s .  S e r i a l  p r o p a g a t io n  o f  p r im ary  c u l t u r e s .  In  many I n s t a n c e s ,
I s  u n s u c c e s s f u l .  The c e l l s  may, how ever, p ro cee d  to  undergo m i t o t i c  
changes and a l t e r a t i o n  o f  normal chromosome p a t t e r n  ta k e s  p la c e  to  form 
a  s t a b i l i z e d  c u l t u r e .  T h e r e a f t e r ,  th e  c e l l s  a r e  c a p a b le  o f  I n d e f i n i t e  
m u l t i p l i c a t i o n  under f a v o ra b le  c o n d i t i o n s . Such an  e s t a b l i s h e d  c u l t u r e  
I s  d e s ig n a te d  a s  a s e r i a l l y  p ro p ag a ted  c e l l  l i n e  o r  s t r a i n .  I n  such a 
c e l l  c u l t u r e  o n ly  one c e l l  ty p e  I s  u s u a l l y  e v i d e n t ,  b u t  t o  In s u r e  a 
homogeneous c e l l  p o p u la t io n ,  te c h n iq u e s  a r e  used  t o  I s o l a t e  and p ro p a ­
g a t e  a s i n g l e  c e l l .  The p rogeny from a s i n g l e  c e l l ,  which I s  t h e o r e t i ­
c a l l y  g e n e t i c a l l y  homogeneous. I s  c a l l e d  a c lo n e  o r  a  c l o n a l  c e l l  s t r a i n .
N u t r i t i o n  o f  S e r i a l l y  P ro p ag a ted  Mammalian C e l l  S t r a i n s  
The n u t r i t i o n a l  r e q u ire m e n ts  f o r  p r im a ry  c u l t u r e s ,  s e r i a l l y  p r o ­
p a g a te d ,  and c l o n a l  c e l l  s t r a i n s  may d i f f e r .  B e fo re  s tu d y in g  needs o f  
c e l l s  fo r  v l ru û  p r o l i f e r a t i o n .  I t  I s  n e c e s s a ry  t o  u n d e rs ta n d  th e  n u t r i ­
t i v e  r e q u ire m e n ts  o f  normal h o s t  c e l l s .  U n t i l  r e c e n t  y e a r s  media em­
p loyed  f o r  th e  c u l t i v a t i o n  o f  mammalian c e l l s  ^  v i t r o  were d e r iv e d  from 
body f l u i d s  o f  homologous s p e c ie s  and c o n s i s t e d  p r i m a r i l y  o f  b lood  p lasm a, 
b lood  serum, a s c i t i c  f l u i d ,  and o th e r  body e x u d a te s  or t i s s u e  e x t r a c t s .  
These n a t u r a l  m a t e r i a l s  a r e  conqilex and v a r i a b l e  and I t  I s  d i f f i c u l t  to  
d e te rm in e  w hich c o n s t i t u e n t s  a r e  r e q u i r e d  by c e l l s .  C om ple te ly  s y n th e ­
t i c  media a r e  needed .
T is s u e  C u l tu r e  Media 
E a r ly  a t te m p ts  to  p r e p a re  a  c h e m ic a l ly  d e f in e d  medium w ere c ru d e .  
W hite (1946) made th e  f i r s t  s e r io u s  a t te m p t  t o  c u l t i v a t e  an im al c e l l s  In
3a s o l u t i o n  o f  known c o m p o s i t io n ,  i . - e . , co m p le te ly  f r e e  o f  serum o r o th e r  
b i o l o g i c a l  f l u i d .  His fe e d in g  s o l u t i o n  which c o n s i s t e d  o f  many w e l l  d e ­
f in e d  chem ica l i n g r e d i e n t s  su p p o r ted  c h ic k  embryo h e a r t  t i s s u e  in  a 
s t a t e  o f  f u n c t i o n a l  s u r v i v a l  f o r  s e v e r a l  w eeks. S u b s e q u e n t ly ,  many s y n ­
t h e t i c  media have been d e v i s e d ,  most o f  which a r e  m a in tenance  media and 
do n o t  p e rm i t  s u s t a in e d  grow th o f  c e l l s ,  a l th o u g h  th e y  do p r e s e r v e  th e  
c a p a c i t y  o f  c e l l s  to  c a r r y  ou t many o f  t h e i r  normal m e ta b o l ic  a c t i v i t i e s .  
The l e n g th  o f  tim e t h a t  c e l l s  can  s u rv iv e  i s  dependen t on th e  medium and 
th e  c e l l  s t r a i n .  A d d i t io n  o f  serum may e n a b le  a c h e m ic a l ly  d e f in e d  
m a in tenance  medium to  become a grow th medium and to  s u p p o r t  long  te rm  
grow th o f  c e l l s .  There a r e  many exanq>les o f  such  media b e in g  used r o u ­
t i n e l y .  Medium 199 i s  c h e m ic a l ly  d e f in e d  and c o n ta in s  a com ple te  com­
p lem en t o f  amino a c i d s ,  v i t a m in s ,  c e r t a i n  in t e r m e d ia r y  m e t a b o l i t e s ,  
g row th  f a c t o r s ,  and s e v e r a l  n u c l e i c  a c id  c o n s t i t u e n t s  (Morgan e t  a l . ,  
1950). CMRL-1066 (P a rk e r  e ^  ^ . , 1957) i s  a l s o  a m a in tenance  medium
when n o t  supplem ented w i th  serum. Serum i s  n o t  an  a b s o lu t e  re q u ire m e n t  
f o r  a l l  mamnalian c e l l s ;  a s e ru m -f re e  medium d e s ig n a te d  NCTC-109 
(M cQuilkin e t  a l . ,  1957) su p p o r te d  fo r  s e v e r a l  y e a r s  grow th o f  L-2071 
c e l l s ,  a s t r a i n  o f  mouse c e l l  f i b r o b l a s t s  w hich i s  c o n s id e re d  to  be a 
n u t r i t i o n a l  v a r i a n t  o f  s t r a i n  L-929 (Swim, 1959) . A s p e c i f i c  medium 
i s  d e v ise d  fo r  a p a r t i c u l a r  s t r a i n  o f  c e l l s ;  many o f  th e  so  c a l l e d  e s s e n ­
t i a l  m e ta b o l i t e s  in  one medium may be needed f o r  one c e l l  b u t  n o t  n e e d ­
ed f o r  a n o th e r .  Many media now in  common use  p ro b a b ly  c o n t a in  n o n e sse n ­
t i a l  components.
The c a r e f u l  and m e th o d ic a l  work o f  E ag le  (1955a, 1955b, 1955c; 
E ag le  e ^  a l . ,  1956) has done much to  d e f in e  i n  chem ica l te rm s the
n u t r i t i o n a l  r e q u ire m e n ts  o f  c u l tu r e d  mammalian c e l l s .  T h i r t e e n  amino 
a c i d s ,  e i g h t  v i t a m in s ,  c e r t a i n  in o rg a n ic  s a l t s ,  g lu c o s e ,  and whole o r  
d ia ly z e d  serum a re  th e  m inimal e s s e n t i a l  n u t r i e n t s  f o r  most o f  th e  s e r i ­
a l l y  p ro p ag a ted  c e l l  l i n e s  which have been  i n v e s t i g a t e d .
A lthough a c e l l  may have a l i m i t e d  c a p a c i t y  t o  s y n th e s iz e  one 
o r  more o f  th e  e s s e n t i a l  amino a c i d s ,  most c e l l  l i n e s  r e q u i r e  a r g i n i n e ,  
c y s t e i n e ,  g lu ta m in e ,  h i s t i d i n e ,  t y r o s i n e ,  i s o l e u c i n e ,  l e u c in e ,  l y s i n e ,  
m e th io n in e ,  p h e n y la la n in e ,  th r e o n in e ,  t ry p to p h a n ,  and v a l in e  f o r  m ain ­
te n a n c e  o f  n i t r o g e n  b a la n c e  and growth (Rose e ^  a l . ,  1955).
C h o lin e ,  f o l i c  a c i d ,  n ic o t in a m id e ,  p a n t o th e n a t e ,  p y r id o x a l ,  
r i b o f l a v i n ,  and th iam in e  a r e  r e q u i r e d  v i ta m in s  (E a g le ,  1959). T race  
amounts o f  o th e r  v i ta m in s  may be r e q u i r e d ,  and th e s e  cou ld  be s u p p l ie d  
by o th e r  components o f  th e  medium, p a r t i c u l a r l y  serum. Many e s s e n t i a l  
v i ta m in s  a r e  known to  form i n t e g r a l  m o ie t i e s  o f  co-enzymes (Levintow  
and E a g le ,  1961). Most c e l l  s t r a i n s  a l s o  r e q u i r e  i n o s i t o l .
A c a rb o h y d ra te  s o u rc e  i s  needed in  th e  medium, and g lu c o se  i s  
r o u t i n e l y  used a l th o u g h  i t  has been shown t h a t  a  number o f  ca rb o h y ­
d r a t e s  can  be u t i l i z e d  e f f e c t i v e l y .  There  i s  an  a p p a re n t  la c k  o f  c o r r e ­
l a t i o n  between c a rb o h y d ra te  u t i l i z a t i o n  and growth (B ryan t e ^  aL, 1958). 
Some s t u d i e s  I n d i c a t e  an  i n v e r s e  r e l a t i o n s h i p  betw een c e l l  p o p u la t io n  
and m etabo lism  o f  g lu c o se  (Zwartouw and Westwood, 1958).  The e f f i c i ­
ency o f  c a rb o h y d ra te  u t i l i z a t i o n  and a n a e ro b ic  g l y c o l y s i s  which ta k e s  
p la c e  a r e  c l o s e l y  i n t e r r e l a t e d .  The r a t e  a t  w hich hexose  p h o sp h a te  b e ­
comes a v a i l a b l e  to  th e  c e l l  i s  th o u g h t  to  be e x t re m e ly  im p o r ta n t  f o r  
c a rb o h y d ra te  u t i l i z a t i o n *  (E ag le  ejt a l . . , 1958).  The a d d i t i o n  o f  p u r in e s  
and p y r im id in e s  o r  t h e i r  d e r i v a t i v e s  i s  n o t  e s s e n t i a l  f o r  r e p l i c a t i o n
5o f  mammalian c e l l s  ^  v i t r o . I t  i s  known t h a t  th e s e  compounds can be 
s y n th e s iz e d  from s im p le r  chem ica l i n t e r m e d i a t e s .  The a c t u a l  c o n t r i b u ­
t i o n  o f  whole o r  d ia ly z e d  serum to  th e  n u t r i t i o n a l  re q u ire m e n ts  o f  th e  
c e l l  i s  d i f f i c u l t  to  a s s e s s .  Most media d e s ig n e d  fo r  su p p le m e n ta t io n  
w i th  serum a r e  co m p le te ly  in a d e q u a te  fo r  c e l l  s u r v i v a l  in  i t s  a b sen ce .  
T h is  su g g e s ts  t h a t  th e  r o l e  o f  serum i s  a m ajor one (Morgan e ^  a l . .  
1956). E a g le 's  b a s a l  medium and many o th e r  c h e m ic a l ly  d e f in e d  media 
r e q u i r e  a d d i t i o n  o f  f i v e  to  20 p e r  c e n t  serum f o r  s u s t a in e d  growth o f  
c e l l s .  These m edia, w hich a r e  c o n s id e r a b ly  l e s s  complex than  th o s e  to  
which no serum i s  added , have been  used  w i th  s u c c e s s  to  d em o n s tra te  
s p e c i f i c  n u t r i t i o n a l  d e f i c i e n c i e s  and t h e i r  c o r r e c t i o n .  Serum p r o t e i n  
i s  b e l ie v e d  to  f u n c t io n  i n  th e  a t ta c h m e n t  o f  c e l l s  to  g l a s s  o r  to  o th e r  
c e l l s  (Lieberman and Ove, 1958). E ag le  (1960) su g g e s te d  t h a t  serum 
p r o t e i n  a c t s  as  a c a r r i e r  o f  low m o le c u la r  w e ig h t ,  d i a ly z a b l e  n u t r i e n t s .  
He dem onstra ted  t h a t  human carc inom a c e l l s  ( s t r a i n  HeLa) and mouse 
f i b r o b l a s t  c e l l s  ( s t r a i n  L) cou ld  grow in  su sp e n s io n  c u l t u r e s  in  a 
c h e m ic a l ly  d e f in e d ,  p r o t e i n - f r e e  medium i f  th e  c u l t u r e  were e q u i l i ­
b r a t e d ,  a c ro s s  a c e l lo p h a n e  membrane, w i th  a  medium which c o n ta in e d  
one to  f iv e  p e r  c e n t  d ia ly z e d  serum and a d ia ly z e d  enzyme s o l u t i o n  
p re p a re d  from p a n c r e a t i c  e x t r a c t .  Only slow and s p a r s e  growth was 
o b ta in e d  when th e  enzyme p r e p a r a t i o n  was o m i t te d .  He p o s tu l a t e d  t h a t  
p r o t e i n  p ro v id e s  e s s e n t i a l ,  sm all  m o le c u la r  w e ig h t  growth f a c t o r s  which 
w ere o r i g i n a l l y  bound to  th e  p r o t e i n  o r  were d e r iv e d  from p r o t e i n  by 
enzymic p r o t e o l y s i s .  O ther s u b s ta n c e s ,  such as  n u t r i t i o n a l l y  i n e r t  
m e th y lc e l lu l o s e ,  have been  shown to  have a p r o t e c t i v e  in f lu e n c e  on c e l l  
m u l t i p l i c a t i o n .  When L-M c e l l s  (a  s t r a i n  o f  mouse f i b r o b l a s t )  were
6grown in  E a g l e 's  b a s a l  medium w ith o u t  serum su p p lem en t,  c e l l  c o u n ts  
were 70 ,000  to  200,000 h ig h e r  when c e l l s  w ere h a r v e s te d  w i th  m e th y l ­
c e l l u l o s e  th a n  when m e th y lc e l l u l o s e  was o m i t t e d .  This  s u g g e s ts  t h a t  
p r o t e i n  may f u n c t io n  as  a p h y s i c a l  p r o t e c t i v e  a g e n t  s in c e  i t  can  be 
r e p la c e d  in  c e r t a i n  in s t a n c e s  by t h i s  m acrom olecu lar  s u b s ta n c e  (Mer­
ch a n t  and Heilman, 1962).  When p r o t e i n  o r  p e p t id e s  w ere n o t  p r e s e n t  
a tw o - fo ld  in c r e a s e  i n  amino a c i d s ,  v i t a m in s ,  and g lu tam in e  was n e c e s s ­
a r y  f o r  r a p id  c e l l  m u l t i p l i c a t i o n .  A change o f  medium a t  t h r e e  day 
i n t e r v a l s  was a l s o  n e c e s s a ry  f o r  maximum g row th .
Balanced  S a l t  S o lu t i o n s  
S y n th e t i c  media used f o r  ^  v i t r o  c u l t i v a t i o n  o f  mammalian 
c e l l s  a r e  r o u t i n e l y  p re p a re d  in  b a lanced  s a l t  s o l u t i o n s  (T yrode , 1910; 
Gey and Gey, 1936; E a r l e  e t  a l . - . 1943; Hanks and W a lla c e ,  1949).  Such 
s o l u t i o n s  have t h r e e  p r im ary  f u n c t i o n s :  th e y  p ro v id e  w a te r  t o  i r r i ­
g a te  t h e  c e l l s  and m a in ta in  t h e i r  t o n i c i t y ;  th e y  f u r n i s h  in o rg a n ic  io n s  
w hich a r e  n e c e s s a ry  f o r  m e ta b o l ic  a c t i v i t i e s ;  th e y  s e rv e  as  b u f f e r s  
w hich m a in ta in  th e  p h y s i o l o g i c a l l y  co m p a tib le  pH ran g e  o f  7 .2  t o  7 .6 .  
The s a l t  c o n t e n t  o f  th e s e  s o l u t i o n s  i s  s i m i l a r  t o  t h a t  o f  th e  c u l t u r e d  
c e l l s  an d ,  h en ce ,  to  t h a t  o f  serum which b a th e d  th e  c e l l s .  Osmotic 
p r e s s u r e  i s  c l o s e l y  r e l a t e d  t o  th e  t r a n s p o r t  o f  m e ta b o l i t e s  i n  and o u t  
o f  c e l l s  so t h a t  i f  i s o t o n i c i t y  i s  n o t  m a in ta in e d  w i th i n  narrow  l i m i t s  
c e l l u l a r  m e tabo lism  can n o t p ro cee d  n o rm a l ly .  I n  c a r e f u l l y  c o n t r o l l e d  
e x p e r im e n ts .  Eagle (1956) showed t h a t ,  in  a d d i t i o n  to  m a in tenance  o f  
i s o t o n i c i t y ,  c e r t a i n  io n s  (sodium , p o ta ss iu m , magnesium, c a lc iu m ,  c h l o ­
r i d e ,  and ph o sp h a te )  were e s s e n t i a l  fo r  grow th  o f  HeLa and L c e l l s  i n  a
7m inimal grow th medium. The fu n c t io n  o f  th e se  io n s  i s  n o t  co m p le te ly  
u n d e rs to o d ,  b u t  i t  i s  known t h a t  sodium and c h l o r i d e  io n s  a r e  r e q u i r e d  
f o r  th e  m ain tenance  o f  o sm o tic  p r e s s u r e .  P o tass iu m  may s e rv e  a s i m i l a r  
pu rpose  w i t h i n  c e l l s ,  b u t  i t  p ro b ab ly  has a more s p e c i f i c ,  though y e t  
u n d e s c r ib e d ,  f u n c t io n .  Calcium  and magnesium a r e  n e c e s s a ry  f o r  th e  a c t i ­
v i t i e s  o f  many i n t r a c e l l u l a r  enzymes. Calcium  may be concerned  w ith  
th e  a l t e r a t i o n  between th e  s o l  and g e l  s t a t e  o f  th e  c y to p la sm . Calcium 
and magnesium a l s o  in f l u e n c e  s p re a d in g  o f  c e l l s  over g l a s s  s u r f a c e s .
The p h o sp h a te  io n  i s  in v o lv e d  in  en e rg y  t r a n s p o r t  v i a  h ig h  ene rgy  p h o s ­
p h a te  bonds (P a u l ,  1960).
There i s  l i t t l e  d e f i n i t e  in fo rm a t io n  on th e  r o l e  o f  t r a c e  e l e ­
m en ts ,  a l th o u g h  they  p ro b a b ly  o p e ra te  i n  c e r t a i n  enzyme sy s tem s .  Way- 
mouth (1960) su g g es ted  t h a t  i r o n ,  aluminum, z i n c ,  c o b a l t ,  molybdenum, 
and manganese were e s s e n t i a l .
The pH o f  c e l l  c u l t u r e s  i s  n o rm a l ly  r e g u la t e d  by a ca rb o n  d io x ­
id e - b i c a r b o n a t e  b u f f e r i n g  system  modeled a f t e r  t h a t  p r e s e n t  i n  the  b lood  
o f  l i v i n g  a n im a ls .  I n  c e l l  c u l t u r e s  CO2  i s  a v a i l a b l e  from a i r ,  m e ta ­
b o l i c  a c t i v i t y  o f  c e l l s ,  and th e  medium. B ic a rb o n a te  i s  n o rm a l ly  added 
to  medium as  p a r t  o f  th e  b a lan ced  s a l t  s o l u t i o n .  The pH o f  th e  medium 
i s  then  r e g u la t e d  by th e  amount o f  CO2  p r e s e n t  i n  th e  gas p h a se .  In  
open c u l t u r e s  CO2  p r e s s u r e  can be m a in ta in e d  a t  a  c o n s ta n t  l e v e l  in  
s p e c i a l  in c u b a to r s  i n  w hich  a m ix tu re  o f  CO2  i n  a i r  ( u s u a l l y  95 p e r  c e n t  
a i r  and f i v e  p e r  c e n t  CO2 ) i s  a l low ed  to  flow c o n t in u o u s ly .  C e l l s  a l s o  
can  be c u l t i v a t e d  in  a i r t i g h t  c o n t a in e r s  where m e ta b o l i c a l ly -p ro d u c e d  
CO2  i s  a l low ed  to  acc u m u la te  in  o rd e r  to  m a in ta in  th e  o p t im a l  pH.
8The Role  o f  Carbon D ioxide in  N u t r i t i o n  o f  ^  V i t r o  C u l t iv a t e d  C e l l s
E a r ly  s t u d i e s  d e a l t  w i th  the  e f f e c t s  o f  g a s s in g  c e l l s  w i th  CO2  
and e s t a b l i s h e d  th e  f a c t  t h a t  h ig h  c o n c e n t r a t i o n s  o f  CO2  were to x i c  fo r  
c e l l s  (B auer,  1925; M ottram, 1927; Mottram, 1928). More r e c e n t l y ,  i t  
was shown (Brues and N aran jo ,  1948; Brues and Buchanan, 1948) t h a t  CO2 
was more than  an end p ro d u c t  o f  c e l l u l a r  m e tabo lism . B ic a rb o n a te  w hich 
was la b e le d  w i th  Cx4  and in c o rp o r a te d  in t o  th e  growth medium was ta k e n  
up r a p i d l y  by c h ic k  embryo t i s s u e s  and r e t a i n e d  in  an o rg a n ic  form.
A f t e r  CO2  f i x a t i o n  by b a c t e r i a  had been d em o n s tra ted  (Werkman, 1951),  
i t  was s u g g e s te d  t h a t  CO2  cou ld  be a re q u ire m e n t  f o r  a l l  l i v i n g  c e l l s .  
H a r r i s  (1954) u n d e r to o k  an i n v e s t i g a t i o n  o f  th e  r o l e  o f  b ic a r b o n a te  in  
th e  ^  v i t r o  o u tg ro w th  o f  c h ic k  embryo h e a r t  f i b r o b l a s t s .  A l l  b i o l o g i ­
c a l  m a t e r i a l s  used  i n  c u l t i v a t i o n  o f  h e a r t  fragm ents  were d e p le te d  o f  
b i c a r b o n a t e  by d i a l y s i s .  M e ta b o l ic  CO2  and t h a t  p r e s e n t  in  th e  gas 
phase  o f  c u l t u r e s  were removed by a d s o r p t i o n .  To remove th e  CO2 , cups 
f i l l e d  w i th  0 .1 5  N sodium h y d ro x id e  were in c o rp o r a te d  in  the  system s 
i n  w hich  t i s s u e s  w ere c u l t i v a t e d .  I n c r e a s e s  i n  s u r f a c e  a r e a  w ere r e ­
corded  w i th  a p ro je c to s c o p e  and measured w i th  a p la n im e te r .  At a pH 
o f  7 .4  i n  a medium w hich c o n ta in e d  0 .2  p e r  c e n t  b ic a r b o n a te  w i th o u t  a 
CO2  t r a p ,  th e r e  was a  f l o u r i s h i n g  ou tg row th  o f  c e l l s .  At a s i m i l a r  pH 
w i th o u t  added b ic a r b o n a te  and w i th  a CO2  t r a p  c e l l u l a r  ou tg row th  was 
c o m p le te ly  i n h i b i t e d .  Growth, how ever, cou ld  be r e i n i t i a t e d  a t  any time 
up to  s i x  days upon removal o f  th e  CO2  t r a p  and a d d i t i o n  o f  b i c a r b o n a t e .  
P a r t i a l  r e s t o r a t i o n  o f  th e  ou tg ro w th  cou ld  d em o n s tra ted  even i n  a b i c a r ­
b o n a t e - f r e e  medium i f  th e  pH w ere e l e v a te d  to  ab o u t 9 .0 .  H a r r i s  concluded
9t h a t  b i c a r b o n a te  was e s s e n t i a l  f o r  m a in tenance  o f  an i n t r a c e l l u l a r ,  
p h y s i o l o g i c a l l y  co m p a tib le  pH, Eagle (1956) d em o n s tra ted  t h a t  HeLa 
o r  L c e l l s  d id  no t r e q u i r e  added b i c a r b o n a te .  When, in  a  c lo s e d  s y s ­
tem, th e  o rg a n ic  b u f f e r  t r i s ^  was s u b s t i t u t e d  f o r  b ic a r b o n a te  i n  th e  
medium and th e  medium was changed d a i l y  to  p r e v e n t  damage due to  a c i ­
d i f i c a t i o n ,  c e l l s  grew a s  w e l l  as  th o s e  in  b i c a r b o n a t e - c o n t a i n i n g  media 
i n  c lo se d  c u l t u r e s .  These a p p a r e n t ly  d i f f e r e n t  o b s e r v a t io n s  c o n c e rn in g  
th e  r o l e  o f  b i c a r b o n a te ,  e x c lu s iv e  o f  i t s  b u f f e r i n g  a c t i o n ,  have been 
e x p la in e d  by more r e c e n t  s t u d i e s .
Swim and P a rk e r  (1958) s tu d ie d  th e  grow th  and m a in ten an ce  o f  
s i x  s t r a i n s  o f  f i b r o b l a s t s  d e r iv e d  from human, mouse, and r a b b i t  t i s s u e s .  
They used a  c h e m ic a l ly  d e f in e d  medium w hich was supplem ented  w i th  d i ­
a ly z e d  serum  and d ia ly z e d  embryo e x t r a c t  and was b u f f e r e d  w i th  p h o s ­
p h i t e ,  p h o s p h i t e - b i c a r b o n a t e ,  o r  b i c a r b o n a te .  R e g a rd le s s  o f  th e  b u f f e r  
employed grow th  o f  i n d i v i d u a l  s t r a i n s  in  s to p p e re d  f l a s k s  was th e  same. 
Growth o f  a l l  s t r a i n s  d e c r e a s e d ,  however, when th e  medium was b u f f e r e d  
w i th  p h o s p h i te  and f l a s k s  w ere l e f t  open to  th e  a i r  by means o f  lo o s e ly  
f i t t e d  m e ta l  c a p s .  Here c e l l s  f a i l e d  to  p r o l i f e r a t e  a t  a s i g n i f i c a n t  
r a t e  and began  to  d e g e n e ra te  w i th i n  seven  to  10 d a y s .  The pH o f  th e  
p h o s p h i te  medium in  c lo s e d  f l a s k s  d id  n o t  d i f f e r  s i g n i f i c a n t l y  from 
t h a t  in  th e  open c o n t a in e r s  a t  any tim e d u r in g  th e  e x p e r im e n t .  S ince  
grow th in  s to p p e re d  f l a s k s  which c o n ta in e d  p h o s p h i t e - b u f f e r e d  medium 
was th e  same a s  t h a t  o b ta in e d  in  th e  b i c a r b o n a te  medium, i t  was c o n c lu ­
ded t h a t  c e l l s  could  p ro d u ce  ad eq u a te  CO2  m e t a b o l i c a l l y  i f  i t  w ere
^ t r i s  (hydroxym ethyl) aminomethane
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a llow ed  Co accum ula te  w i th i n  th e  c lo s e d  f l a s k s .
Geyer and Chang (1958) chose c o n j u n c t i v a l  and HeLa c e l l s  f o r  
e x p e r im en ts  t o  d e te rm in e  th e  e f f e c t  o f  low c o n c e n t r a t i o n s  o f  b ic a r b o n ­
a t e  on ^  v i t r o  grow th o f  human c e l l s .  One o f  th e  two m edia used co n ­
s i s t e d  o f  10 p e r  c e n t  d ia ly z e d  h o rse  serum i n  E a g l e 's  b a s a l  medium 
which was m o d if ied  by th e  a d d i t i o n  o f  20 pM m e s i n o s i to l  and 5 nM T r i s  
w h i le  b ic a r b o n a te  c o n c e n t r a t i o n  was reduced  to  5 mM. The second medium 
was l i k e  th e  f i r s t  e x c e p t  b ic a r b o n a te  was o m i t te d .  P o ta s s iu m  h y d ro x ­
id e  t r a p s  f o r  u se  w i th  b i c a r b o n a t e - f r e e  medium were made by f i t t i n g  
ru b b e r  s to p p e r s  o f  t i s s u e  c u l t u r e  tu b e s  w i th  a  g l a s s  tu b e  w hich con­
ta in e d  a  f i l t e r  p a p e r  on to  which 10 p e r  c e n t  p o ta s s iu m  h y d ro x id e  s o l u ­
t i o n  c o u ld  be in t ro d u c e d  d i r e c t l y  w i th  a  hypodermic n e e d le  and s y r in g e .  
C u l tu r e s  w ere in c u b a te d  a t  36 C fo r  24 h o u rs  i n  s t a t i o n a r y  r a c k s  and 
t h e r e a f t e r  a t  36 C on a  r o l l e r  drum. The medium was changed on th e  
t h i r d  day  and s u b se q u e n t ly  on a l t e r n a t e  d a y s .  I n  some e x p e r im en ts  
c e l l s  w ere  in c u b a te d  i n  th e  absence  o f  CO2  th ro u g h  th e  u se  o f  p o ta s s iu m  
h y d ro x id e  t r a p s .  A f t e r  d e s ig n a te d  tim e i n t e r v a l s ,  CO2  was r e a d m it t e d  
by rem oval o f  th e  t r a p ,  and medium c o n ta in in g  5 mM b ic a r b o n a t e  was s u b ­
s t i t u t e d  f o r  th e  b i c a r b o n a t e - f r e e  medium. I n  th e  absence  o f  b ic a r b o n ­
a t e  no n e t  i n c r e a s e  i n  c e l l  coun t was o b ta in e d  w i th  e i t h e r  ty p e  o f  
c e l l s .  The f a c t  t h a t  c o n j u n c t iv a l  c e l l s  were a b l e  t o  resum e m u l t i p l i ­
c a t i o n  when b ic a r b o n a te  was r e in t r o d u c e d  in d i c a t e d  t h a t  i r r e v e r s i b l e  
d e g e n e r a t io n  d id  n o t  occu r  d u r in g  a p e r io d  o f  14 d a y s .  When th e  medium 
was n o t  changed on c u l t u r e s  w hich c o n ta in e d  p o ta ss iu m  h y d ro x id e  t r a p s  
th e  pH f e l l  from 7 .8  t o  7 .0  and c e l l  c o u n ts  d im in is h e d .  When th e  medium 
was changed r e g u l a r l y  c e l l  co u n ts  rem ained s t a t i o n a r y .  T r a n s ie n t
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ex p o su re  o f  c e l l s  t o  b ic a r b o n a te  w h ile  th e  medium was be ing  changed 
co u ld  accoun t fo r  t h i s  d i f f e r e n c e  in  c e l l  g row th .
The gas phase  o f  th e  c u l t u r e  was found to  be o f  prime im por­
t a n c e  when th e  w atch  g la s s  te c h n iq u e  o f  o rgan  c u l t u r e  was used f o r  c u l ­
t i v a t i o n  o f  human n e o p l a s t i c  t i s s u e s  (R ovin , 1962).  Neoplasms were 
c u l t i v a t e d  i n  t h r e e  m edia: (a )  a  c h e m ic a l ly  d e f in e d  medium CMRL-1066,
(b) E a g le 's  medium p lu s  20 p e r  c e n t  human serum, and (c)  a c l o t  com­
posed o f  c h ic k e n  plasm a and c h ic k  embryo e x t r a c t .  C u l tu r e s  w ere in c u ­
b a te d  a t  35 t o  37 C in  t h r e e  d i f f e r e n t  gas phase  c o n d i t io n s :  ( a )  in c u ­
b a t o r  a tm osphere  o f  a p p ro x im a te ly  20 p e r  c e n t  oxygen and 0 .03  t o  0 .0 4  
p e r  c e n t  CO2 , (b ) a can d le  J a r  c o n ta in in g  a p p ro x im a te ly  one p e r  c e n t  
oxygen and f i v e  p e r  c e n t  CO2  and (c)  an  a tm osphere  o f  95 pe r  c e n t  oxy­
gen and f iv e  p e r  c e n t  C0£. When th ey  w ere c u l t i v a t e d  in  E a g l e 's  medium 
p lu s  20 p e r  c e n t  h o rs e  serum in  a  c a n d le  J a r  s i x  neoplasm s s u rv iv e d  fo r  
seven  days and two were v i a b l e  a t  17 and 19 d a y s ,  r e s p e c t i v e l y .  I n  
CMRL-1066 medium in  a c a n d le  J a r ,  none o f  th e  tumors su rv ivéd  more th a n  
t h r e e  d ay s .  I n  no i n s ta n c e  was a  change to  an a l k a l i n e  pH ran g e  ob­
s e rv e d  in  any o f  th e  m edia. In  a d d i t i o n a l  s t u d i e s ,  p ro longed  s u r v i v a l  
t im e  o f  t i s s u e s  was r e l a t e d  t o  in c re a s e d  CO2  c o n te n t  r a t h e r  th a n  low 
oxygen c o n c e n t r a t i o n  in  th e  gas phase .
In  an e f f o r t  t o  su p p ly  th e  f a c t o r  which i n t e r r u p t e d  m u l t i p l i ­
c a t i o n  o f  C 0 2 - d e f ic ie n t  c e l l s ,  Geyer and Neimark (1958) added e x t r a c t s  
o f  normal and C O ^ -d e f ic ie n t  c e l l s  to  HeLa and c o n j u n c t iv a l  c e l l  c u l t u r e s  
grown in  th e  p r e s e n c e  o f  a p o ta ss iu m  h y d rox ide  t r a p .  The s o le  b u f f e r  
f o r  C 0 2 - d e f i c i e n t  c e l l s  was 1 ncM p h o s p h i te .  These c e l l s  were grown in  
E a g l e 's  medium p lu s  10 p e r  c e n t  i n a c t i v a t e d  h o r s e  serum u n t i l  t h e  t o t a l
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number o f  c e l l s  eq u a led  3 to  4 x 10^. This  medium was th e n  removed and 
th e  c e l l s  w ere  In c u b a ted  o v e r n ig h t  i n  E a g l e 's  medium w ith o u t  serum, mag­
nesium  c h l o r i d e ,  o r  c a lc iu m  c h l o r i d e .  In  th e  ab sen ce  o f  magnesium and 
c a lc iu m  io n s  c e l l s  d i s i n t e g r a t e d  r a p i d l y .  C e l l u l a r  d e b r i s  was n o t  r e ­
moved, and th e  e x t r a c t  was r e c o n s t i t u t e d  w i th  d ia ly z e d  h o rse  serum, c a l ­
cium and magnesium c h l o r i d e .  T h is  medium was a g i t a t e d  w i th  t h e  a l k a l i n e  
002 t r a p  f o r  fo u r  to  f i v e  h o u rs  to  remove t r a c e s  o f  CO2  and was th en  
t r a n s f e r r e d  to  r o l l e r  tu b e  c u l t u r e s .  P o ta ss iu m  h y d ro x id e  t r a p s  were 
a lw ays used w i th  b i c a r b o n a t e - d e f i c i e n t  c e l l s .  Both HeLa and c o n j u n c t i ­
v a l  c e l l s  f a i l e d  t o  m u l t i p l y  i n  th e  absence  o f  CO2 . Net m u l t i p l i c a t i o n  
o f  b o th  s t r a i n s  was r e s t o r e d  by a d d i t i o n  o f  s i m i l a r l y  p r e p a r e d ,  normal 
c e l l  e x t r a c t s ,  a l th o u g h  such  an  e x t r a c t  had no e f f e c t  on th e  m u l t i p l i c a ­
t i o n  o f  norm al c e l l s .  E x t r a c t s  o f  C O ^ -d e f ic ie n t  c e l l s  had an  ad v e rse  
e f f e c t  on d e f i c i e n t  c e l l s .  Even when n e t  m u l t i p l i c a t i o n  was c o m p le te ly  
a r r e s t e d  in  t h e  ab sen ce  o f  CO2 , c o n v e rs io n  o f  l a b è le d  a c e t a t e - 1  to  
C^^02 was norm al a t  th e  end o f  f i v e  d a y s .  T h is  f in d in g  i n d i c a t e d  t h a t  
g e n e r a l  m e tab o lism  was s t i l l  h ig h  and c o r r o b o r a t e d  th e  o b s e r v a t io n s  o f  
Geyer and Chang (1958) t h a t  a  s t a t e  o f  i r r e v e r s i b l e  d e g e n e r a t io n  o f  
C 0 2 - d e f i c ie n t  c e l l s  d id  n o t  o ccu r  f o r  some t im e .
In  t h e  c a s e  o f  CO2 -d ep en d e n t b a c t e r i a ,  o x a l o a c e t i c  a c i d ,  an 
in t e r m e d i a te  i n  th e  Krebs c y c l e ,  i s  known to  s e r v e ,  i n  p a r t ,  f o r  CO2 .
For t h i s  r e a s o n  o x a l o a c e t i c  a c i d  was s e l e c t e d  a s  a  p o s s i b l e  s u b s t i t u t e  
f o r  CO2  in  th e  m e tab o lism  o f  s i n g l e  mammalian c e l l s  (Gwatkin and Simino- 
v i t c h ,  1960).  S to ck  c u l t u r e s  w ere  grown in  d e f in e d  medium CMRL-1066 
w hich was supp lem ented  w i th  20 p e r  c e n t  d ia ly z e d  h o r s e  serum f o r  L c e l l s  
and w i th  20 p e r  c e n t  w hole sheep  serum f o r  HeLa c e l l s .  P r im ary  c u l t u r e s
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o f  rh e s u s  monkey k idney  c e l l s  were grown in  Hanks' b a lan ced  s a l t  s o l u ­
t i o n  w i th  0 .5  p e r  c e n t  la c ta lb u m in  h y d r o ly s a t e  and 1 .0  p e r  c e n t  bovine 
serum . For s i n g l e  c e l l  p l a t i n g  ex p e r im en ts  double  s t r e n g t h  CMRL-1066 
was made w i th o u t  b i c a r b o n a t e .  To h a l f  o f  th e  medium sodium b ic a r b o n a te  
was added to  a c o n c e n t r a t i o n  o f  2*2 grams p e r  l i t e r  and to  th e  o th e r  
p o r t i o n ,  sodium c h l o r i d e  was s u b s t i t u t e d  fo r  b i c a r b o n a te .  Both media 
w ere supplem ented  w i th  20 p e r  c e n t  b ic a r b o n a te - d e p le t e d  serum. A 0 .2 5  M 
s o l u t i o n  o f  o x a l o a c e t i c  a c id  i n  b i c a r b o n a t e - f r e e  CMRL-1066 was added to  
each  p e t r i  d i s h  c u l t u r e  w hich c o n ta in e d  100 c e l l s  i n  5 .0  ml o f  medium. 
C u l t u r e s  w i th  b ic a r b o n a te  w ere in c u b a te d  f o r  two weeks a t  37 C in  a gas 
p h ase  o f  f i v e  p e r  c e n t  CO2 . C u l tu r e s  w i th o u t  b ic a r b o n a te  were in c u b a te d  
in  a i r  fo r  th e  same le n g th  o f  t im e .  The p r o p o r t i o n  o f  c e l l s  w hich
formed c o l o n i e s ,  or th e  e f f i c i e n c y  o f  p l a t i n g  (EOF), v a r i e d  from 0 to
61 p e r  c e n t  i n  b i c a r b o n a t e - f r e e  sy s tem s .  W ith o x a l o a c e t i c  a c id  i n  th e
medium, th e  EOF was c o n s i s t e n t l y  h igh  in  th e  c a s e  o f  b o th  HeLa and L
s t r a i n s ;  th e  number o f  c e l l s  in c re a s e d  and th e y  lack ed  th e  n e c r o t i c  
a p p ea ran ce  o f  c e l l s  grown i n  b ic a r b o n a te - a n d  o x a l o a c e t a t e - f r e e  medium. 
F r im ary  c u l t u r e s  o f  monkey k id n e y  c e l l s  f a i l e d  to  d ev e lo p  in  b ic a r b o n ­
a t e - f r e e  medium and o x a l o a c e t i c  a c id  had no a p p a re n t  b e n e f i c i a l  e f f e c t .
O x a lo a c e t ic  a c id  has  been  found t o  be as  good o r  b e t t e r  th a n  
CO2  f o r  m u l t i p l i c a t i o n  o f  C 0 2 - d e f i c i e n t  c e l l s  i n  th e  p re se n c e  o f  r i b o -  
n u c l e o s id e s  (Chang et_ a ^ . , 1961). In  t h e i r  s t u d i e s ,  c o n j u n c t iv a l  and 
HeLa c e l l s  were c u l t i v a t e d  i n  a c lo s e d  sy s tem  in  T r i s -b u f f e r e d  E a g le 's  
b a s a l  medium, no b ic a r b o n a te  was added , and th e  medium was exposed to  
an  a l k a l i n e  t r a p  b e fo re  each  exp er im en t to  m inim ize a d s o r p t i o n  o f  CO2 . 
B ic a rb o n a te  la b e le d  w i th  was in c o rp o r a te d  i n t o  th e  medium 24 to  48
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hours  a f t e r  which th e  c e l l s  were washed w i th  norm al s a l i n e ,  and d i s ­
so lv ed  in  s a l i n e  which c o n ta in e d  sodium l a u r y l  s u l p h a t e .  The r e s u l t i n g  
c e l l  s o l u t i o n s  were poo led  and th e n  s e p a ra te d  i n t o  f i v e  f r a c t i o n s :  a c id
s o lu b le ,  l i p i d s ,  r i b o n u c l e i c  a c i d ,  d e s o x y r ib o n u c le ic  a c i d ,  and p r o t e i n s .  
A pprox im ate ly  90 p e r  c e n t  o f  th e  a c t i v i t y  was found in  th e  a c id
s o lu b le  and n u c l e i c  a c id  f r a c t i o n s . C hrom atograph ic  s e p a r a t io n  o f  th e  
p u r in e s  and p y r im id in e s  o f  c e l l s  grown in  l a b e le d  sodium b ic a r b o n a te  
showed th e  a c t i v i t y  i n  s p o ts  formed by g u a n in e ,  a d e n in e ,  c y t o s i n e ,  
u r a c i l ,  and thym ine. T o ta l  a c t i v i t y  o f  p u r in e s  was h ig h e r  th a n  t h a t  o f  
p y r im id in e s .  R ib o n u c le o s id e s  w ere p a r t i a l l y  e f f e c t i v e  as  a s u b s t i t u t e  
f o r  CO2 , w hereas  o x a l o a c e t i c  a c id  a lo n e  was i n e f f e c t i v e .  The com bina­
t i o n  o f  r ib o n u c le o s id e s  and o x a l o a c e t i c  a c id  was a s  good a s  o r  b e t t e r  
zhan CO2 . Thus, under th e se  e x p e r im e n ta l  c o n d i t i o n s ,  CO2  was shown to  
be n e c e s s a ry  f o r  s y n th e s i s  o f  p u r i n e s ,  p y r im id in e s ,  and o x a l o a c e t a t e  by 
human c e l l s  grown ijn v i t r o .
N u t r i t i o n  o f  V i r u s - I n f e c t e d  C e l l  C u l tu r e s  
Under c o n t r o l l e d  c o n d i t io n s  w i th  c h e m ic a l ly  d e f in e d  media i t  
has  been  p o s s i b l e  to  s tu d y  th e  e f f e c t  o f  e x t r a c e l l u l a r  grow th medium on 
v i r u s  p r o p a g a t io n  w i t h i n  i n f e c t e d  c e l l s .  Hare and Morgan (1954) found 
t h a t  s u s t a i n e d ,  long  te rm  growth o f  p s i t t a c o s i s  v i r u s  d id  n o t  o ccu r  i n  
c u l t u r e s  o f  minced c h ic k  embryo t i s s u e  m a in ta in e d  i n  a  b a lan ced  s a l t  
s o l u t i o n  o n ly .  A d d i t io n  o f  e i t h e r  b e e f  embryo e x t r a c t  o r  s y n t h e t i c  
medium 199 g r e a t l y  s t im u la t e d  v i r u s  p r o d u c t io n .  On th e  c o n t r a r y .  B urr 
e t  a l . (1954) s tu d ie d  p r o p a g a t io n  o f  munq)s and in f l u e n z a  v i r u s e s  i n  
c h ic k  embryo c h o r i o a l l a n t o i c  t i s s u e  c u l t i v a t e d  i n  s y n t h e t i c  media and
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found t h a t  e x t r a c e l l u l a r  medium had l i t t l e  e f f e c t  on v i r u s  p r o d u c t io n .  
Many o th e r  i n v e s t i g a t o r s  have s tu d ie d  v a r io u s  a s p e c t s  o f  th e  m e tabo lism  
o f  v i r u s - i n f e c t e d  c e l l s .  Koppelman and Evans (1959) and D a r n e l l  and 
Eagle  (1960) p r e s e n te d  e x c e l l e n t  rev iew s o f  v a r io u s  a s p e c t s  o f  b io s y n ­
t h e s i s  o f  v i r u s e s  i n  c e l l  c u l t u r e ,  m e ta b o l ic  changes i n  c e l l s  due to  
chem ica l o r  p h y s i c a l  a g e n t s ,  and im p l i c a t io n s  o f  th e  e f f e c t s  o f  some 
o f  th e s e  a g e n t s  on v i r u s  f o r m a t io n .  R e s u l t s  o f  th e s e  and o th e r  i n v e s t i ­
g a t io n s  (R ap p ap o r t ,  1956; E ag le  and H abel,  1956; L ev ine  e t  , 1956) 
d em o n s tra ted  t h a t  th e  e f f e c t  o f  th e  e x t r a c e l l u l a r  medium on v i r u s  p ro p a ­
g a t io n  may v a ry  w i th  each v i r u s :  i n  f a c t ,  i t  may be c h a r a c t e r i s t i c  o f
each  v i r u s .  These a u t h o r s ,  how ever, c o n s id e re d  c a rb o h y d ra te ,  p r o t e i n ,  
amino a c i d ,  and n u c l e i c  a c id  m e tab o lism  w i th  l i t t l e  r e f e r e n c e  to  th e  
in f lu e n c e  o f  i o n i c  s p e c ie s  and b u f f e r s  on v i r u s  r e p l i c a t i o n .
The Role o f  Carbon D iox ide  i n  N u t r i t i o n  
o f  V i r u s - I n f e c t e d  C e l l  C u l tu r e s  
Because b ic a r b o n a te  i s  an  e s s e n t i a l  m e ta b o l i t e  f o r  th e  iri v i t r o  
c u l t i v a t i o n  o f  mammalian c e l l s  and i s  s p e c i f i c a l l y  a s s o c i a t e d  w i th  
n u c l e i c  a c id  s y n t h e s i s ,  th e  developm ent o f  i n f e c t i o u s  v i r u s  p a r t i c l e s  
i n  C 0 2 - d e f ic i e n t  c e l l s  sh o u ld  be  s t u d i e d .  S in ce  v i r u s  m u l t i p l i c a t i o n  
in v o lv e s  th e  s y n t h e s i s  o f  a  c e r t a i n  ty p e  o f  n u c l e ic  a c i d ,  th e  CO2 - d e f i ­
c i e n t  c e l l  i n  c u l t u r e  o f f e r s  an  e x c e l l e n t  t o o l  f o r  u se  i n  th e  i n v e s t i ­
g a t i o n  o f  s p e c i f i c  s t e p s  i n  th e  r e p l i c a t i o n  o f  a v i r u s .  D uring  th e  l a s t  
decade  th e  f i r s t  r e s u l t s  o f  ex p e r im e n ts  e l u c i d a t i n g  t h i s  a s p e c t  o f  v i r u s  
grow th w ere p u b l i s h e d .  Vogt e t  a ^ .  (1957) d e s c r ib e d  m u tan ts  o f  p o l i o ­
m y e l i t i s  v i r u s ,  d e s ig n a te d  d -  (d e la y e d )  m u ta n ts ,  i n  w hich  th e  d -
16
c h a r a c t e r  was a s s o c i a t e d  w i th  a g ra d u a l  d e c re a s e  i n  s u s c e p t i b i l i t y  o f  
h o s t  c e l l s  t o  the d -  m u tan t  under an  a c id  ag a r  o v e r la y ,  and a narrow 
pH ra n g e  f o r  op tim al g row th .  Rhesus monkey k idney  c e l l  c u l t u r e s  were 
grown, i n  p e t r i  d i s h e s ,  i n  E a r l e ' s  s a l i n e  p lu s  0 .5  p e r  c e n t  enzym atic  
l a c ta lb u m in  h y d ro ly e a te  and s i x  p e r  c e n t  ox serum. Agar o v e r la y s  con­
s i s t e d  o f  0 .9  per  c e n t  a g a r ,  1 /4 0 ,0 0 0  n e u t r a l  r e d ,  0 .1  p e r  c e n t  y e a s t  
e x t r a c t ,  0 .1  pe r  c e n t  b o v in e  a lbum in , and v a ry in g  amounts o f  sodium 
b ic a r b o n a te  t o  p ro d u ce ,  i n  d i f f e r e n t  p l a t e s ,  an a l k a l i n e ,  i n t e r m e d i a t e ,  
and a c id  a g a r  o f  pH 7 . 5 ,  6 .9 ,  and 6 .8 ,  r e s p e c t i v e l y .  P l a t e s  w ere m ain­
t a in e d  i n  a humid a tm osphere  w i th  in c re a s e d  CO2  i n  th e  gas p h a se .  To 
d e te rm in e  th e  e f f i c i e n c y  o f  p l a t i n g ,  v i r u s  was a ssay ed  in  d u p l i c a t e  on 
a l k a l i n e  and a c id  p l a t e s  and t i t e r s  w ere e x p re s sed  a s  p la q u e  form ing 
u n i t s  p e r  m l.  The w i ld  ty p e  (d+) was a b l e  to  produce p la q u e s  under 
e i t h e r  a c i d  o r  a l k a l i n e  a g a r  w i th  eq u a l  f a c i l i t y .  I n  c o n t r a s t ,  d -  
m u tan ts  p roduced  100 t o  1 ,000  tim es  fewer and s m a l le r  p la q u e s  under 
a c id  a g a r  o v e r l a y s .  Under a l k a l i n e  a g a r  o v e r la y s ,  d i f f e r e n c e s  from 
th e  w i ld  ty p e  were e v i d e n t  i n  th e  s i z e  o f  p la q u e s ,  b u t  th e  number o f  
p la q u e s  was s i m i l a r .  S in g le  c y c le  and m u l t i p l e  c y c le  grow th e x p e r i ­
ments i n  a c i d  l i q u i d  medium f a i l e d  t o  d e l i n e a t e  any d i f f e r e n c e s  between 
d -  and d+  s t r a i n s .  Under a c id  a g a r  o v e r la y s ,  one c y c le  cu rv e s  were 
s i m i l a r  f o r  d -  and d+ s t r a i n s ,  b u t  m u l t i p l e  c y c le  c u rv e s ,  a f t e r  th e  
i n i t i a l  10 to  12 h ou rs  o f  th e  f i r s t  grow th c y c le ,  showed a 1 2 - fo ld  
d e c r e a s e  i n  o v e r a l l  g row th  r a t e  f o r  d -  m utan ts  compared to  a  t h r e e ­
f o ld  d e c r e a s e  fo r  d+ s t r a i n s .  O ther experim en ts  i n  th e  same s e r i e s  
showed t h a t  r e d u c t io n  o f  th e  growth r a t e  under a c id  a g a r  was due to  
d e c re a s e d  c e l l  s u s c e p t i b i l i t y  w hich was e v id e n t  o n ly  a f t e r  s e v e r a l
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h o u rs  in c u b a t io n .  T h is  change in  c e l l  s u s c e p t i b i l i t y  v a s  th o u g h t to  be 
due to  th e  e f f e c t  o f  d i f f e r e n c e s  in  pH. A ll  o f  th e  d -  m u tan ts  w hich 
w ere s tu d ie d  ap p ea red  to  be a t te n u a t e d ,  and th e y  showed d e c re a se d  n e u ro ­
p a th o g e n ic i ty  fo r  m onkeys.
H siung and M eln ick  (1958) in v e s t ig a te d  a  number o f  s t r a i n s  o f  
p o l io v i r u s  in  an a t te m p t to  c o r r e l a t e  th e  o c c u rre n c e  o f  th e  d+ o r  d -  
c h a r a c te r  w ith  n e u ro p a th o g e n ic i ty  f o r  rh e su s  monkeys a s  a  d i f f e r e n t i a ­
t i o n  betw een  v i r u l e n t  and a t te n u a te d  s t r a i n s .  S in ce  th e y  in ten d ed  to  
u se  t i g h t l y  s e a le d  b o t t l e  c u l tu r e s  o f  rh e su s  monkey k id n e y  c e l l  mono­
la y e r s  in  t h e i r  w ork , th e y  co n d u cted  numerous p r e l im in a ry  ex p erim en ts  
to  in v e s t ig a t e  th e  c o n d i t io n s  u nder w hich d -  m u tan ts  r e p l i c a t e d  in  t h i s  
sy stem . A f te r  a d s o r p t io n  o f  v i r u s  s t r a i n s  o n to  c e l l s ,  a g a r  o v e r la y s  
w hich c o n ta in e d  v a ry in g  am ounts o f  b ic a rb o n a te  w ere ad d ed . V iru s 
p la q u e s  w ere co un ted  on th e  t h i r d  and fo u r th  d a y s , and i t  was n o ted  
t h a t  th e  s iz e  o f  p la q u e s  produced  by v i r u l e n t  s t r a i n s  grown under a g a r  
o v e r la y s  w ith  low c o n c e n tr a t io n s  o f  b ic a rb o n a te  (a s  low a s  0 .1 1  grams 
p e r  c e n t)  were s m a l le r  th a n  th o se  in  c u l tu r e s  o v e r la id  w ith  h ig h e r  b i ­
c a rb o n a te  c o n c e n tr a t io n s  (up to  0 .9  grams p e r c e n t ) .  No p la q u e s  o f  
a t te n u a te d  s t r a i n s  d ev e lo p ed  in  th e  p re se n c e  o f  low b ic a rb o n a te  concen ­
t r a t i o n s .  Both v i r u l e n t  and a t te n u a te d  s t r a i n s  p roduced  la rg e  p la q u e s  
in  48 h o u rs  in  h ig h  b ic a r b o n a te - c o n ta in in g  o v e r la y s .  V a r ia t io n  in  th e  
b ic a rb o n a te  c o n c e n tr a t io n  in  l i q u id  medium d id  n o t a f f e c t  v i r u s  a d s o rp ­
t i o n  to  th e  c e l l s  o r  grow th c u rv e s  o f  a t te n u a te d  o r v i r u l e n t  s t r a i n s .
In  o th e r  e x p e r im e n ts , H siung and M eln ick  em ployed a  low le v e l  o f  b i c a r ­
b o n a te  (0 .1 1  grams p e r  c e n t)  in  a g a r  o v e r la y s  and v a r ie d  th e  pH by a d d i ­
t i o n  o f  sodium h y d ro x id e  o r  by b u b b lin g  CO2  th ro u g h  th e  medium. When
18
th e  pH v a s  r a i s e d  no p la q u e s  w ere formed by any o f  th e  a t te n u a te d  s t r a i n s .  
A lthough  v i r u l e n t  s t r a i n s  p roduced  th e  ex p ec ted  number o f  p la q u e s  in  a c id  
m ed ia , th e y  w ere s m a lle r  th a n  norm al. I t  was concluded  th a t  th e  d -  ch a ­
r a c t e r  was r e l a t e d  to  b ic a rb o n a te  c o n c e n tra t io n  r a th e r  th a n  to  pH o f  th e  
medium.
Chang (1959) in v e s t ig a te d  v i r u s  r e p l i c a t i o n  o f  C oxsack ie  v i r u s  
(g roup  B, ty p e  1 ) ,  p o l io v i r u s  ( ty p e  1 ) ,  and a  s t r a i n  o f  v a c c in ia  v i r u s  
i n  C 0 2 -d e f ic ie n t  HeLa and c o n ju n c t iv a l  c e l l s .  When c e l l s  w ere grown in  
medium d e p le te d  o f  b ic a rb o n a te  by an a l k a l in e  CO2  t r a p  C oxsack ie  v i r u s  
f a i l e d  to  p ro d u ce  c y to p a th ic  e f f e c t s  in  f iv e  d a y s , w hereas t y p i c a l  v i r a l -  
induced  c e l l  changes w ere se e n  in  two days in  m edia w hich c o n ta in e d  b i c a r ­
b o n a te .  R ib o n u c le ic  a c id  and d e so x y r ib o n u c le ic  a c id  w ere added to  b i c a r ­
b o n a te -d e p le te d  c u l tu r e s  in f e c te d  w ith  C oxsackie  v i r u s  to  d e te rm in e  t h e i r  
e f f e c t  on th e  y ie ld  o f  v i r u s .  When r ib o n u c le ic  a c id  was added to  th e  
medium th e  ap p ea ran ce  o f  th e  c y to p a th ic  e f f e c t s  and th e  amount o f  v i r u s  
y ie ld  w ere com parable  to  th o s e  o b ta in e d  in  ex p e rim en ts  in  w hich  th e  CO2  
t r a p  had been  rem oved. A d d itio n  o f  d e so x y r ib o n u c le ic  a c id  cau sed  c e l l s  
to  ap p ea r g r a n u la r  and v a c u o la te d ,  and had no b e n e f i c i a l  e f f e c t  on 
e i t h e r  v i r u s  y ie ld  o r  c y to p a th ic  ch an g es. A d d itio n s  o f  p u r in e  and p y r i ­
m id ine  b a se s  w ere a l s o  i n e f f e c t i v e  w ith  o r w ith o u t th e  a d d i t io n  o f  
r i b o s e .  I n c lu s io n  o f  n u c le o t id e s  and n u c le o s id e s  was p r a c t i c a l l y  as  
e f f e c t i v e  a s  a d d i t io n  o f  r ib o n u c le ic  a c id  o r  b ic a rb o n a te .  No c o r r e l a ­
t i o n  co u ld  be found betw een th e  re su m p tio n  o f  c e l l  m u l t i p l i c a t i o n  and 
enhancem ent o f  v i r u s  s y n th e s is  fo llo w in g  r é in t r o d u c t io n  o f  r ib o n u c le ic  
a c id  in to  c u l tu r e s  o f  b ic a rb o n a te -d e p le te d  c e l l s .  A d d itio n  o f  r ib o n u ­
c l e i c  a c id ,  r ib o n u c le o s id e s , o r  r ib o n u c le o t id e s  re v e r s e d  th e  s u p p re s s iv e
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e f f e c t  caused  by b ic a rb o n a te  d e p le t io n  o f  th e  p o l io v i r u s  c u l t u r e s .  In  
c o n t r a s t  to  C oxsackie v i r u s ,  p o l io v i r u s  r e p l i c a t i o n  was n o t c o m p le te ly  
su p p re sse d  in  b ic a rb o n a te -d e p le te d  medium. R e s u l ts  w ith  v a c c in ia  v i r u s  
w ere much th e  same a s  w ith  C oxsack ie  v i r u s .  N u c le o s id e s  enhanced v i r u s  
m u l t i p l i c a t i o n  and ap p ea ran ce  o f  c y to p a th ic  e f f e c t  w ith o u t c a u s in g  a  n e t  
in c re a s e  in  c e l l  num bers. C oxsack ie  and p o l io m y e l i t i s  v i r u s e s  a re  com­
posed o f  r ib o n u c le ic  a c i d ,  w h ile  v a c c in ia  v i r u s  c o n ta in s  d e so x y rib o n u ­
c l e i c  a c id .  S ince  i t  i s  r ib o n u c le ic  a c id ,  n o t d e s o x y r ib o n u c le ic  a c id  
w hich e x p e d i te s  th e  ap p ea ran ce  o f  c y to p a th ic  changes in  b ic a rb o n a te -  
d e p le te d  c e l l s ,  Chang p o s tu la te d  t h a t  s u p p re s s io n  o f  v i r u s  s y n th e s is  i s  
n o t due to  a  la c k  o f  n u c le ic  a c id  p r e c u r s o r s .  Chang (1959) p o s tu la te d  
a more i n d i r e c t  c a u se :
The v i r u s  in d u c e s  th e  fo rm a tio n  in  th e  in f e c te d  c e l l s  o f  
new p r o te in s ,  p resum ably  enzym es, w hich  a re  n e c e s s a ry  fo r  
th e  fo rm a tio n  o f  v i r u s  p re c u r s o r s  ; any  in t e r f e r e n c e  w ith  
c e l l u l a r  r ib o n u c le ic  a c id  m e tab o lism  w ould r e s u l t  in  th e  
s u p p re s s io n  o f  new p r o te in  s y n th e s is  w hich  cou ld  in  tu r n  
i n t e r f e r e  w ith  v i r a l  s y n th e s i s .
S in ce  p o l io v i r u s  m u l t i p l i c a t i o n  was n o t c o m p le te ly  s u p p re s se d , i t  i s  
l i k e l y  t h a t  th e  a l k a l in e  t r a p s  w ere n o t c a p a b le  o f  rem oving a l l  m eta- 
b o l ic a l ly -p ro d u c e d  CO2  and th a t  th e  s y n th e s is  o f  p o l io v i r u s  p roceeded  
a t  low er le v e l s  o f  CO2  th a n  t h a t  o f  C oxsack ie  and v a c c in ia  v i r u s e s .
M osley and E nders  (1962) con firm ed  o b s e rv a t io n s  o f  s e v e ra l  
e a r l i e r  in v e s t ig a to r s  and p re s e n te d  a  s im p le  te c h n iq u e  fo r  d e p le t io n  
o f  CO2  from  c e l l  c u l t u r e s .  Monkey k id n ey  c e l l s  w ere grown in  a l i q u id  
medium from  w hich b ic a rb o n a te  was o m itte d . The CO2  p roduced  by c e l l u ­
l a r  m e tab o lism  was a llo w ed  to  e sc a p e  by r e p la c in g  screw  caps o f  c u l tu r e  
tu b e s  w ith  c o t to n  p lu g s .  In  c lo se d  c u l tu r e s  CO2  accum ula ted  even
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though  none was added to  th e  medium. W ith in c r e a s in g  c o n c e n tr a t io n s  o f 
CO2  in  th e  gas phase  o f  c u l tu r e s  th e  CO2  c o n c e n tr a t io n  in  th e  medium 
r o s e  to  l e v e ls  a d e q u a te  fo r  v i r u s  g row th . C o tto n  p lu g s  p e rm itte d  th e  
CO2  in  th e  medium to  e q u i l i b r a t e  w ith  th e  gas p h a se . Mosley and Enders 
used  10 oM T r i s  and 0 .133  grams p e r  c e n t  sodium  d ih y d ro g en  p h o sp h a te  to  
enhance th e  b u f f e r in g  c a p a c i ty  o f  medium 199 to  w hich  two p e r c e n t  serum  
had been  ad d ed . The medium in  c o t to n  p lugged  c u l tu r e s  (CPC) c o n ta in e d  
no added b ic a r b o n a te ,  w hereas th e  medium in  screw  capped c u l tu r e s  (SCC) 
in c lu d e d  0 .2 2  grams p e r  c e n t  sodium  b ic a rb o n a te .  The r e a c t io n  o f  CPC 
and SCC was a d ju s te d  to  pH 7 .2  and 7 .0 ,  r e s p e c t iv e l y ,  w ith  h y d ro c h lo r ic  
a c i d .  In  grow th  s tu d ie s  o f  s e v e r a l  s t r a i n s  o f  p o l i o v i r u s ,  c e l l s  w ere 
p la c e d  in  th e  a p p ro p r ia te  medium 24 h o u rs  p r io r  to  i n f e c t io n  and in c u ­
b a te d  a t  37 C on a r o l l e r  drum in  a h u m id if ie d  in c u b a to r .  A f te r  24 
h o u rs  in c u b a t io n  th e  pH in  SCC and CPC had f a l l e n  to  6 .8  and 6 .7 ,  r e s p e c ­
t i v e l y .  Medium was changed d a i l y  to  a v o id  c e l l  damage due to  low pH. 
A f te r  i n f e c t io n  r e p r e s e n ta t iv e  tu b e s  w ere fro z e n  and thawed th r e e  t im e s , 
p o o le d , and s to r e d  a t  -20 C u n t i l  a ssay ed  f o r  i n f e c t i v i t y .  When b i c a r ­
b o n a te  was o m itte d  from  th e  medium and screw  cap s  w ere  re p la c e d  w ith  
c o t to n  p lu g s  th e r e  was no r i s e  in  pH, th e  c e l l s  su rv iv e d  and in c re a s e d  
s l i g h t l y  in  num ber, some g lu c o se  was u t i l i z e d ,  and l a c t a t e  was p ro d u ced . 
M u l t i p l i c a t i o n  o f  v i r u s  in  CPC was c o n s i s t e n t ly  r e ta r d e d  as conq>ared 
w ith  SCC, b u t th e  d e g re e  o f  i n h i b i t i o n  o f  p o l io v i r u s  grow th in  CPC v a r ie d  
w i th  th e  l o t  o f  monkey k id n ey  c e l l s  and th e  s t r a i n  o f  v iru s  u s e d . When 
e x p e r im e n ta l c o n d i t io n s  w ere a s  p r e v io u s ly  d e s c r ib e d  ex ce p t t h a t  CPC 
w ere  in c u b a te d  in  an  a tm osphere  w hich c o n s is te d  o f  f iv e  p e r c e n t  CO2  in  
a i r ,  p ro d u c tio n  o f  v i ru s  and th e  c y to p a th ic  changes w ere th e  same fo r
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CPC as fo r  SCC. In  o rd e r  to  d e te rm in e  th e  e f f e c t  on v i r u s  r e p l i c a t i o n  
screw  caps w ere re p la c e d  by c o t to n  p lu g s a t  d i f f e r e n t  tim es in  r e l a t i o n  
to  in f e c t io n  o f  c e l l s .  When c o t to n  p lu g s w ere s u b s t i tu t e d  fo r  screw  
caps 24 h o u rs  p r io r  to  i n f e c t i o n ,  c e l l  c u l tu r e s  f a i l e d  to  su p p o r t v i r u s  
grow th . S u b s t i t u t io n  o f  c o t to n  p lu g s  a t  th e  tim e  o f  in f e c t io n  had a 
marked s u p p re s s iv e  e f f e c t ,  b u t v i r u s  was r e p l i c a t e d .  When c o t to n  p lu g s  
were used 24 hou rs  a f t e r  i n f e c t io n  th e re  was a s l i g h t ,  b u t d e f i n i t e ,  
su p p re s s io n  o f  v i r u s  m u l t i p l i c a t i o n .  R e p la c in g  c o t to n  p lu g s  o f  c u l ­
tu r e s  w ith  screw  caps th r e e  days a f t e r  i n f e c t i o n  r e s u l t e d  in  th e  resum p­
t io n  o f  v i r u s  m u l t i p l i c a t i o n  a t  a  r a t e  e q u a l to  th a t  o f  c u l tu r e s  w hich 
had n o t been  c o t to n  p lu g g e d . No v i r u s  co u ld  be d e te c te d  in  c o t to n  
plugged c u l tu r e s  on th e  f o u r th  day  a f t e r  i n f e c t i o n ,  and th e  s u b s t i t u t i o n  
o f  screw  cap s  fo r  c o t to n  p lu g s  on th e  f i f t h  d ay  f a i l e d  to  s t im u la te  
v i r u s  m u l t i p l i c a t i o n .  E xperim en ts w ith  m edia o f  v a r io u s  pH v a lu e s  in  
CPC and SCC i l l u s t r a t e d  t h a t  th e  e f f e c t  o f  c o t to n  p lu g g in g  was g r e a t e r  
th a n  th a t  o f  pH a l t e r a t i o n .  T hus, d e c re a se d  p o l io v i r u s  s y n th e s is  in  
CPC ap p ea red  to  be r e l a t e d  to  b ic a rb o n a te  c o n c e n tr a t io n  r a th e r  th a n  to  
pH. I t  was found th a t  c o n d i t io n s  produced by c o t to n  p lu g s  d id  n o t a l t e r  
a d s o rp t io n  o f  v i r u s  o r  i t s  r e l e a s e ,  b u t s e p a r a te  a s sa y  o f  i n t r a c e l l u l a r  
and e x t r a c e l l u l a r  v i r u s  d em o n stra ted  t h a t  t h e r e  was d e lay ed  i n t r a c e l l u ­
l a r  s y n th e s is  o f  v i r u s  in  CPC. I n t r a c e l l u l a r  v i r u s  cou ld  be d e te c te d  
in  SCC f iv e  h o u rs  a f t e r  i n f e c t i o n ,  b u t d id  n o t  ap p ea r in  CPC u n t i l  48 
hours a f t e r  in f e c t io n .  M osley and Enders (1962) confirm ed  th e  o b s e rv a ­
t io n  th a t  o x a lo a c e ta te  in  co m b in a tio n  w ith  r i b o t i d e s  enhanced th e  grow th 
o f  C 0 2 -d e f ic ie n t  c e l l s  (Chang e_t , 1961) and found th a t  u nder th e s e  
grow th c o n d i t io n s  r e p l i c a t i o n  o f  p o l io v i r u s  was s t im u la te d .  C o n tra ry
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CO Che observaC ion  o f  Chang (1 9 5 9 ), M osley and Enders found ChaC r i b o ­
n u c le ic  a c id  b a s e s ,  as  w e ll  a s  r ib o s id e s  and r i b o t i d e s ,  prom oted m u l t i ­
p l i c a t i o n  o f  v i r u s  s t r a i n s  w hich were s e n s i t i v e  to  b ic a rb o n a te  d e p le ­
t i o n .  They p o s tu la te d  th a t  th e s e  d i f f e r e n c e s  co u ld  be due to  th e  c e l l  
s t r a i n s  em ployed. The same s t r a i n s  e x h ib i te d  d e la y e d  grow th in  monkey 
k id n ey  c e l l  m onolayers under a c id  a g a r  o v e r la y s ,  a s  w e l l  as  in  c o t to n  
p lu g g e d , b ic a rb o n a te -d e p le te d  l iq u id  m ed ia . I n  a d d i t i o n ,  r i b o t i d e s  and 
o x a lo a c e ta te  r e v e rs e d  th e  d e lay ed  e f f e c t  under a c id  a g a r  o v e r la y s .  The 
a u th o rs  concluded  t h a t  th e  d i f f e r e n c e  in  e f f e c t  o f  b ic a rb o n a te  d e p le ­
t i o n  on v i r u l e n t  and a t te n u a te d  s t r a i n s  o f  p o l i o v i r u s - in f e c t e d  c e l l s  
may be due to  d i f f e r e n c e s  in  th e  a b i l i t y  o f  d -  and d+ s t r a i n s  to  u t i ­
l i z e  h o s t  c e l l  m a te r ia l s  in  s y n th e s is  o f  r ib o n u c le ic  a c id  when b i c a r ­
b o n a te  i s  n o t a v a i l a b l e ,  o r  to  d i f f e r e n c e s  in  c e l l u l a r  p ro d u c tio n  o f  
p o l io v i r u s  n u c le ic  a c id s  a t  CO2  l e v e l s  below  t h a t  needed  fo r  m u l t i p l i ­
c a t io n  o f  th e  c e l l s .
By v a r i a t i o n  o f  c e l l u l a r  m e tab o lism , Q u e rs in -T h iry  (1961) i s o ­
la te d  a sm a ll,  p la q u e -fo rm in g  m u tan t o f  W este rn  eq u in e  e n c e p h a l i t i s  
v i r u s  from a c u l tu r e  o f  th e  la rg e  p la q u e  fo rm in g , w ild  ty p e  p a r e n t .  
F u r th e r  in v e s t ig a t io n s  re v e a le d  th a t  th e s e  s t r a i n s  w ere a s s o c ia te d  w ith  
d i f f e r e n t  re q u ire m e n ts  fo r  b ic a rb o n a te  in  th e  a g a r -o v e r la y  medium. The 
w ild  ty p e  v i r u s  grew b e s t  when no COg was added to  th e  medium, a lth o u g h  
some CO2  was s u p p lie d  in  th e  gas p h a se , s in c e  p l a t e s  w ere in c u b a te d  in  
an  atm osphere o f  f iv e  p e r  c e n t  CO2 . H igh c o n c e n tr a t io n s  o f  b ic a rb o n a te  
w ere l e s s  i n h i b i to r y  f o r  th e  sm a ll p la q u e  m u ta n t, and i t s  o p tim a l b i c a r ­
b o n a te  le v e l  was 0 .4  p e r  c e n t .
B ic a rb o n a te  le v e ls  have a l s o  been  shown to  in f lu e n c e  r e p l i c a t i o n
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o f  SE polyoma v ir u s  in  p rim ary  mouse embryo c e l l  c u l tu r e s  (Eddy and 
S te w a r t,  1958). The u su a l m ain ten an ce  medium c o n ta in e d  0 .125  p e r  c e n t  
b ic a rb o n a te .  A d e c re a s e  from t h i s  amount d i r e c t l y  a f f e c te d  th e  d e t e c t ­
a b le  d e g e n e ra tiv e  changes in  v i r u s - in f e c t e d  c e l l s  and h e m a g g lu tin a tio n  
t i t e r s .  I n  v i r u s - in f e c t e d  c u l tu r e s  m a in ta in ed  in  a medium w hich co n ­
ta in e d  40 p e r  c e n t more sodium  b ic a rb o n a te  th a n  th e  u s u a l am ount, ex trem e 
c y to p a th ic  changes and in c re a se d  h e m a g g lu tin a tio n  t i t e r s  w ere o b se rv e d .
S u b s t i t u t io n  o f  an O rgan ic  B u ffe r  f o r  B ic a rb o n a te  
in  C e ll  C u ltu re  Media 
Many su b s ta n c e s  have been  used  to  s u b s t i t u t e  fo r  b ic a rb o n a te  in  
th e  b u f f e r  sy stem  o f  t i s s u e  c u l tu r e  m edia. An o rg a n ic  b u f f e r ,  t r i s  
(hydroxym ethy l) am inom ethane, f o r  u se  in  pH ra n g e  o f  6 .5  to  9 .6 ,  was 
f i r s t  in tro d u c e d  by Gomori (1 9 4 6 ). No in h ib i to r y  e f f e c t s  due to  T r i s  
w ere e v id e n t in  th e  enzyme system s w hich he s tu d ie d .  Swim and P a rk e r
(1955) w ere th e  f i r s t  to  u se  T r i s  i n  t i s s u e  c u l tu r e  m ed ia . They w ished  
to  avo id  m a in ten an ce  o f  c u l tu r e s  i n  c lo se d  system s o r  in  a  gas phase  
e n ric h e d  w ith  CO2 . Swim and P a rk e r  found th a t  HeLa and o th e r  c e l l  c u l ­
tu r e s  i n i t i a t e d  w ith  a  sm a ll inocu lum  d id  n o t r e p l i c a t e  as  w e ll  in  T r i s  
a s  in  b ic a rb o n a te .  C e l ls  appeared  more g r a n u la r  and had a  g r e a t e r  t e n ­
dency to  clung) on th e  g l a s s .  The a u th o rs  s t a t e d  t h a t  T r is  had a  s l i g h t  
i n h i b i to r y  e f f e c t .  The d e p re s s io n  o f  c e l l u l a r  m u l t i p l i c a t i o n  was l a t e r  
r e p o r te d  to  be a r e s u l t  o f  b ic a rb o n a te  d e p le t io n  r a t h e r  th a n  an  e f f e c t  
o f  T r is  (Swim, 1961). Growth o f  HeLa and L s t r a i n s  was in h ib i te d  when 
T r is  was used in  th e  medium a t  a c o n c e n tr a t io n  g r e a t e r  th a n  0 .0 3  M.
C e l ls  p r o l i f e r a t e d  w e ll  fo r  many m onths when m a in ta in e d  in  e i t h e r  0 .0 2  M
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T r ie - o r  sodium  p h o s p h ite -b u f fe re d  m edia in  c lo se d  c u l t u r e s .  The grow th 
r a t e  o f  T r i s -b u f fe re d  c u l tu r e s  w hich w ere c o t to n  p lugged  o r  f i t t e d  w ith  
lo o se  m e ta l caps was s i g n i f i c a n t l y  le s s  th a n  th a t  in  t i g h t l y  s e a le d  
f l a s k s .  In  th e  form er c u l tu r e s  th e  c e l l s  d e g e n e ra te d  a f t e r  s i x  to  e ig h t  
days and e v e n tu a l ly  d ie d .  Swim (1961) r e p o r te d  t h a t  th e  red u ced  grow th 
r a t e  was due to  b ic a rb o n a te  d e p le t io n  r a t h e r  th a n  to  th e  in h i b i to r y  
e f f e c t  o f  T r i s ,  s in c e ,  in  c lo se d  c u l t u r e s ,  c e l l s  m u l t ip l ie d  a t  a  r a t e  
l e s s  th a n , b u t  th e  t o t a l  number was com parab le  to  t h a t  o b ta in e d  in  a 
s im i la r  medium w hich c o n ta in e d  b ic a rb o n a te .
Many s tu d ie s  on th e  a c t i v i t y  o f  v i r u s e s  in  c e l l  c u l tu r e s  w hich 
employed T r i s  have been  r e p o r te d .  P o r t e r f i e l d  and A l l i s o n  (1960) ob - 
- se rv ed  th a t  T r i s ,  in  a d d i t io n  to  i t s  b u f f e r in g  c a p a c i ty ,  e x e r te d  an  
in f lu e n c e  on v a c c in ia ,  h e rp e s  s im p lex , e c t r o m e l ia ,  and cowpox v i r u s e s  
in  a g a r  o v e r la y  c u l t u r e s .  P laq u es  o f  v a c c in ia  on m ono layers o f  c h ic k  
embryo c e l l s  w ith  b ic a rb o n a te  a g a r o v e r la y s  w ere sm a ll even  a f t e r  f iv e  
days in c u b a t io n ,  and p la q u e  co u n ts  w ere low er th a n  pock co u n ts  on c h ic k  
embryo c h o r io a l l a n to ic  m em branes. W ith th e  s u b s t i t u t i o n  o f  T r i s  b u f f e r  
fo r  b ic a r b o n a te ,  e a s i l y  c o u n ta b le  p la q u e s  o f  v a c c in ia ,  cowpox, and 
h e rp e s  s im p lex  v i r u s e s  w ere o b ta in e d  a f t e r  th r e e  to  fo u r days in c u b a ­
t i o n ,  and o f  e c tro m e lia  v i r u s  a f t e r  f iv e  t o  s ix  days in c u b a t io n .  T r i s -  
b u f fe re d  a g a r  o v e r la y s  gave e x c e l le n t  p la q u e  fo rm a tio n  w ith  s e v e r a l  
s t r a i n s  o f  h e rp e s  sinq>lex v i r u s .  A d so rp tio n  o f  h e rp e s  sinq>lex v i r u s  
was maximal a t  31 C a t  a pH o f  6 .5 .  A l l i s o n  and V a le n tin e  (1960) e s t a b ­
l i s h e d  th e  f a c t  t h a t  a d s o rp t io n  o f  v a c c in ia  v i r u s  was prom oted by c e r ­
t a i n  am ines. P o r t e r f i e l d  and A ll i s o n  (1960) p o s tu la te d  t h a t  T r is  may 
in f lu e n c e  v i r u s  m u l t i p l i c a t i o n  by making th e  a d s o rp t io n  p ro c e s s  more
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r a p id  and e f f i c i e n t .
The I n i t i a l  aim  o f  th e  p r e s e n t  s tu d y  was to  d e te rm in e  th e  o p t i ­
mal c o n d i t io n s  fo r  r e p l i c a t i o n  o f  heppes s im p lex  v i ru s  In  HeLa c e l l  c u l ­
t u r e s .  I n  ag reem ent w ith  S to k e r (1 9 5 9 ), t h i s  v l r u s - c e l l  sy stem  was con ­
s id e r e d  to  be  w e ll  s u i te d  fo r  s tu d y  o f  v i r u s  m u l t i p l i c a t i o n  a t  th e  c e l l u ­
l a r  l e v e l .  D uring  th e  developm ent o f  t h i s  p rob lem , and fo llo w in g  th e  
r e p o r t  o f  P o r t e r f i e l d  and A l l i s o n  (1 9 6 0 ), T r ls  b u f f e r  was In c lu d e d  as  a 
s u b s t i t u t e  fo r  th e  b ic a rb o n a te  b u f f e r  sy stem  s in c e  th e s e  a u th o rs  r e p o r te d  
an  enhanced a b i l i t y  o f  h e rp e s  slnqplex v i r u s  to  form  p la q u e s  under a g a r  
w hich  c o n ta in e d  T r l s .  S in ce  CO2  had been shown to  a f f e c t  th e  r e p l i c a ­
t i o n  o f  s e v e r a l  v i r u s e s  and I s  c l o s e l y  a s s o c ia te d  w ith  b u f f e r s  and b u f ­
f e r in g  a c t i v i t y ,  th e  grow th o f  h e rp e s  slsq>lex v i r u s  In  CO2 - d e f i c i e n t  
c e l l s  was s tu d ie d  a c c o rd in g  to  th e  m ethods o f  Chang (1959) and M osley 
and E nders (1 9 6 2 ). P re lim in a ry  s tu d ie s  In d ic a te d  t h a t  t h i s  v i r u s  b e ­
haved d i f f e r e n t l y  from  th o se  s tu d ie d  by Chang (1 9 5 9 ). T h e re fo re ,  v a c ­
c i n i a  v i r u s ,  w hich Chang found to  be m arked ly  a f f e c te d  by CO2  d e p le t io n  
and w hich I s  s im i la r  to  h e rp e s  s im p le x  v i r u s  In  n u c le ic  a c id  com posi­
t i o n ,  was In c lu d e d  to  s e rv e  as  a  c o n t r o l  fo r  th e  te c h n iq u e s  o f  c r e a t in g  
C 0 2 -d e f lc le n t  c e l l s .  The o b je c t  was to  d e te rm in e  I f  h e rp e s  s im p lex  and 
v a c c in ia  v i r u s e s  r e a c t  d i f f e r e n t l y  to  a l t e r a t i o n s  In  th e  b u f f e r s  o f  
c e l l  c u l tu r e  m edia o r  In  gas phase  c o n d i t io n s  In f lu e n c e d  by  v a r io u s  
C 0 2 -d e p le tlo n  te c h n iq u e s .
CHAPTER I I  
MATERIALS AND METHODS 
V iru se s
Two s t r a i n s  o f  h e rp e s  s ln ^ le x  v i r u s  and two o f  v a c c in ia  w ere 
used  In  th e s e  s tu d i e s .  The HF s t r a i n  o f  h e rp e s  s im p le x  v i r u s  and th e  
Downle (D) s t r a i n  o f  v a c c in ia  v i r u s  r e p r e s e n t  la b o ra to ry -a d a p te d  
s t r a i n s .  For conq>arlson, two r e c e n t ly  I s o la t e d  v i r u s e s  w ere u t i l i z e d  
In  s e v e r a l  e x p e r im e n ts . The h i s t o r i e s  o f  th e s e  v i r u s e s  a r e  p re s e n te d  
In  T ab le  1 . S e ro lo g ic a l  ex am in a tio n  o f  th e s e  v i r u s e s  h as  co n firm ed  
t h e i r  I d e n t i f i c a t i o n .  I n  th e  p re se n c e  o f  hyperimmune h e rp e s  s im p lex  
r a b b i t  a n tis e ru m , b o th  h e rp e s  s im p lex  v i r u s  s t r a i n s  w ere shown to  f i x  
com plem ent; n e u t r a l i z a t i o n  o f  v i r u s - a n t i s e r u m  m ix tu re s  was d e m o n stra ­
te d  by I n t r a c e r e b r a l  I n o c u la t io n  o f  m ice and In  r e p l i c a t e  tu b e  c u l ­
tu r e s  o f  HeLa c e l l s .  The v a c c in ia  v i r u s  s t r a i n s  w ere a l s o  n e u t r a l i z e d  
by hyperimmune v a c c in ia  r a b b i t  a n tis e ru m  when v i r u s - a n t i s e r u m  m ix­
tu r e s  w ere In o c u la te d  o n to  HeLa c e l l s .  F u r th e r  c o n f irm a tio n  o f  th e  
I d e n t i t y  o f  th e s e  v i r u s e s  was su p p lie d  by D r. P . A. B ru n e l l^ .
C e l ls
P re lim in a ry  ex p e rim en ts  w ere co n ducted  w ith  s e v e r a l  ty p e s  o f  
I v i r u s  R e fe re n c e  U n it ,  Communicable D ise a se  C e n te r ,  A t la n ta ,





V iru s I n i t i a l
I s o l a t i o n
Source HeLa C e l l  
P assag es*
H erpes s im p lex  
HF s t r a i n
F le x n e r  and Amoss, 
1925
C .D .C .b 18 to  20
H erpes s im p lex  
M s t r a i n
O.U.M .C.c O ra l m ucocutaneous 
le s io n
3 to  5
V a c c in ia  
D s t r a i n
Downie, 1939 F o r t  D edrick^ 3 to  5
V a c c in ia  
0 s t r a i n
O.U .M .C.c Sm allpox
v a c c in e
3 to  5
^ P a ssag e  h i s to r y  i n  t h i s  la b o ra to r y .
^Communicable D ise a se  C e n te r ,  A t la n ta ,  G eo rg ia .
^ U n iv e r s i ty  o f  Oklahoma M edical C e n te r ,  Oklahoma C i ty ,  Oklahoma.
^ S u p p lie d  th ro u g h  th e  c o u r te s y  o f  Mr. N. Hahan, F o r t  D ed rick , 
M ary lan d .
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c e l l  c u l tu r e s  in  an e f f o r t  to  d e te rm in e  w hich was b e s t  s u i t e d  fo r  th e  
p u rp o se s  o f  t h i s  r e s e a r c h .  The so u rc e s  o f  th e  p rim ary  and s e r i a l l y  p r o ­
p a g a te d  c e l l  c u l tu r e s  a r e  g iv e n  in  T ab le  2 . P rim ary  c e l l  c u l tu r e s  w ere 
p re p a re d  in  t h i s  la b o ra to r y  from  th e  t i s s u e s  d e s c r ib e d .  S e r i a l l y  p ro p a ­
g a te d  c e l l  s t r a i n s  w ere  m a in ta in e d  in  t h i s  la b o ra to r y  d u r in g  th e s e  s t u ­
d i e s .  P e r io d i c a l l y ,  a l l  o f  th e  s e r i a l l y  p ro p a g a te d  c e l l  s t r a i n s  w ere 
t e s t e d  f o r  th e  p re se n c e  o f  L -form s and p le u ro p n e u m o n ia - lik e  o rg an ism s, 
b u t a l l  a ttenq> ts to  i s o l a t e  th e s e  a g e n ts  on PPLO a g a r^  w ere  u n s u c c e s s ­
f u l .  To in s u re  com ple te  freedom  from  such  c o n ta m in a tio n  a l l  r o u t i n e ly  
p ro p a g a te d  c e l l  s t r a i n s  w ere c u l t i v a t e d  once ev e ry  two m onths in  m edia 
w hich c o n ta in e d  2 .5  m icrogram s o f  c h lo r t e t r a c y c l in e ^  p e r  ml (C a rsk i and 
S h ep a rd , 19 6 1 ).
R eagen ts
A ll  s o lu t io n s  w ere p re p a re d  in  d i s t i l l e d  w a te r  w hich was p assed  
th ro u g h  a  d e io n iz in g  column and r e d i s t i l l e d  th ro u g h  a  g la s s  d i s t i l l i n g  
a p p a r a tu s .  C hem icals w ere from  s e v e r a l  s o u rc e s ,  and a l l  w ere o f  r e a ­
g e n t g ra d e .
The b a la n c e d  s a l t  s o lu t io n s  o f  E a r le  e ^  (1943) and Hanks 
and W allace  (1949) a r e  commonly used as  b a se s  fo r  p r e p a r a t io n  o f  t i s s u e  
c u l tu r e  m ed ia . E a r l e 's  b a la n c e d  s a l t  s o lu t io n  (EBSS), w hich  c o n ta in s  
g lu c o se  and s e v e r a l  in o rg a n ic  s a l t s ,  i s  b u f fe re d  e x c lu s iv e ly  by a  b i ­
c a rb o n a te -c a rb o n  d io x id e  b u f f e r  sy stem  (0 .2 2  g sodium  b ic a rb o n a te  p e r  
100 m l) .  A p h y s io lo g ic a l ly  co m p a tib le  pH v a lu e  o f  7 .2  t o  7 .6  i s
*D ifco  L a b o r a to r ie s ,  D e t r o i t ,  M ich igan .
^ L ed e rle  L a b o r a to r ie s ,  P e a r l  R iv e r ,  New Y ork.
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TABLE 2 
SOURCE OF CELL CULTURES
Type o f  C e ll Source L o ca l 
P assag e  H is to ry
P rim ary
C hick embryo f ib r o b l a s t s  
from  embryos In cu b a ted  
9 to  12 days
lo c a l
h a tc h e ry
p rim ary
Young a d u l t  ham ste r 
k id n ey  c e l l s
lo c a l
d e a le r
p rim ary
S e r i a l l y  p ro p ag a ted  
FL norm al human 
amnion c e l l s *
M.A.b 5 to  10
HeLa-MA Epiderm oid c e l l s  
c a n c e r  o f  c e rv e x f
M.A.b 5 to  10
HeLa-10 Epiderm oid c e l l s  
c a n c e r  o f  c e rv e x f
C arver
F oundation^
More th a n  150 
o v er 3 y e a rs
®Fogh, J .  and Lund, R. 0 . ,  1957.
^ M ic ro b io lo g ic a l A s s o c ia te s ,  B e th esd a , M aryland 
^Gey e t  , 1952.
^Brown, R. W ., C arver F o u n d a tio n , T uskegee , Alabama.
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n o rm a lly  m a in ta in e d  in  an  a i r  a tm osphere w hich c o n ta in s  f iv e  p e r  c e n t 
C02* H anks' b a lan ced  s a l t  s o lu t io n  (HBSS) a l s o  c o n ta in s  g lu c o se  and 
in o rg a n ic  s a l t s ,  b u t th e  b u f f e r in g  c a p a c i ty  i s  m a in ta in e d  by a chem i­
c a l l y  coiq>lex, p h o sp h a te  b u f f e r in g  sy stem . S in ce  th e  b ic a rb o n a te  co n ­
c e n t r a t i o n  i s  low in  HBSS (0 .0 3 5  g sodium  b ic a rb o n a te  p e r  100 m l) ,  no 
d r a s t i c  pH changes a r e  produced in  o rd in a ry  a tm o sp h e ric  c o n d i t io n s ,  
w here CO2  p r e s s u re s  a r e  n o rm ally  low. A ll  c e l l  c u l tu r e  m edia w ere made 
in  e i t h e r  HBSS o r EBSS. M ethods o f  p r e p a r a t io n  o f  b a la n c e d  s a l t  s o lu ­
t io n s  from  s to c k  s o lu t io n s  a re  p re s e n te d  in  T ab le s  3 and 4 . M o d if ic a ­
t io n s  o f  th e  o r ig i n a l  fo rm ulae  fo r  th e se  s tu d ie s  can  be n o te d  by a  com­
p a r is o n  o f  column 5 w ith  column 6 in  th e se  t a b l e s .  T ab le  4 shows th a t  
EBSS, w h ich  c o n ta in s  o n ly  seven  in g r e d ie n ts  e x c lu d in g  th e  p h en o l re d  
pH in d i c a t o r ,  was p re p a re d  from  s i x  s to c k  s o lu t i o n s .  T h is  p ro c e d u re  
was n e c e s s a ry  s in c e  many o f  th e  ex p erim en ts  u t i l i z e d  m edia w hich con ­
ta in e d  d i f f e r e n t  amounts o f  b ic a rb o n a te  o r  no b ic a rb o n a te .  The t o n i c i ­
t i e s  o f  s o lu t io n s  w ere k e p t c o n s ta n t  by a l t e r a t i o n s  o f  th e  sodium  c h l o r ­
id e  c o n c e n tr a t io n  to  com pensate fo r  d i f f e r e n c e s  in  sodium  b ic a rb o n a te  
c o n te n t .
P h o sp h a te  b u f fe re d  s a l i n e  (DPBS) was p re p a re d  a c c o rd in g  to  
th e  m ethod o f  D ulbecco and Vogt (1 9 5 4 ), pheno l re d  (10 mg p e r  l i t e r )  
was added a s  a  pH in d i c a to r ,  and th e  s o lu t io n  was s t e r i l i z e d  by a u to -  
c la v in g .
V iru s  d i lu e n t  c o n s is te d  o f  s t e r i l e  DPBS supplem ented  w ith  f iv e  
p e r  c e n t  s t e r i l e  c a l f  serum  w hich had been  in a c t iv a te d  by h e a t in g  a t  
56 C f o r  30 m in u te s . D ia ly zed  c a l f  serum  o f  th e  same c o n c e n tr a t io n  
was added to  t h i s  d i l u e n t  f o r  u se  w ith  CO2 - d e f i c i e n t  m edia.
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TABLE 3
PREPARATim OF HANKS' BALANCED SALT SOLUTION (MODIFIED)
C hem ical S to ck
Number
S o lu tio n
Amount*
D i lu t io n  
fo r  u se
F in a l
C o n cen t.*
O r ig in a l
Form ula*
NaCl 1 16.00 1 : 2 0 0 .8 0 0 0 .8 0 0
KCl 1 0 .8 0 1 : 2 0 0 .0 4 0 0 .040
MgS0 4 *
7H20
1 0 . 2 0 1 : 2 0 0 . 0 1 0 0 . 0 2 0
KH2 PO4 1 0 . 1 2 1 : 2 0 0 .0 6 0 0 .0 6 0
Na2 HP0 4 1 0 . 1 2 1 : 2 0 0 .0 6 0 0 .060
G lucose 1 2 . 0 0 1 : 2 0 0 . 1 0 0 0 . 1 0 0
C aC l2 2 1 .40 1 : 1 0 0 0 .0 1 4 0 .014
MgCl2 *
6 H2 O
2 1 . 0 0 1 : 1 0 0 0 . 0 1 0 -
NaHCOgb 3 8 .4 0 1 : 2 0 0 0 .0 4 2 0 .035
Pheno l
re d b
- 0 .4 0 1 ;400 l.QC 2 .QC
aCrams p e r  1 0 0  m l.
^ S to ck  s o lu t io n  a l s o  used fo r  th e  p r e p a r a t io n  o f  EBSS. 
^E xpressed  a s  mg p e r 100 m l.
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TABLE 4
FREPARATIOf OF EARLE'S BALANCED SALT SOLUTKM (MODIFIED)
C hem ical S to ck
Number
S o lu tio n
Amount*
D ilu t io n  
fo r  use
F in a l
C oncen t.*
O r ig in a l
Form ula*
NaCl 1 2 5 .0 v a r ia b le v a r ia b le 0 .6 8 0
KCl 2 4 .0 1 : 1 0 0 0 .040 0 .0 4 0
CaCl2 2 2 . 0 1 : 1 0 0 0 . 0 2 0 0 . 0 2 0
MgCl2*
6 H2 O
3 2 . 0 1 : 1 0 0 0 . 0 2 0 -
NaH2 P0 4 *
H2 O
4 1 .5 1 : 1 0 0 0 .015 0 .0125
G lucose 5 1 0 . 0 1 : 1 0 0 0 . 1 0 0 0 . 1 0 0
NaHCOgb 6 8 .4 v a r ia b le v a r ia b le 0 . 2 2 0
P henol
red
- 0 .4 1:400 l .o c 2 . 0c
HgSOA - - - - 0.010
% ram s p e r  1 0 0  m l.
b g to c k  s o lu t io n s  a l s o  used  fo r  th e  p r e p a r a t io n  o f  HBSS. 
^E x p ressed  a s  mg p e r  100 m l.
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S tock  s o lu t io n s  o f  t r y p s in ^  (2 .5  p e r  c e n t)  w ere p rep a red  in  
DPBS w hich  c o n ta in e d  no c a lc iu m  o r magnesium s a l t s .  They w ere s t e r i l i ­
zed by S e i t z  f i l t r a t i o n  and s to r e d  in  10 ml p o r t io n s  a t  -25 C u n t i l  
n eed ed . For u se  in  d i s p e r s io n  o f  c e l l s ,  s to c k  s o lu t io n s  o f  t r y p s in  w ere 
thawed and d i l u t e d  so t h a t  one p a r t  o f  t r y p s in  was c o n ta in e d  in  n in e  
p a r t s  o f  c a lc iu m - and m agnesium -free  DPBS w hich had been  f u r th e r  m odi­
f ie d  by th e  a d d i t io n  o f  0 .2 5  p e r  c e n t g e l a t i n ^ .  The f i n a l  c o n c e n tr a ­
t i o n  o f  t r y p s in  was 0 .2 5  p e r  c e n t .
P e n i c i l l i n ^  and s tre p to m y c in ^  s to c k  s o lu t io n s  w ere p re p a re d  in  
s t e r i l e  d i s t i l l e d  w a te r  and s to r e d  a t  -25  C in  0 .5  o r  1 .0  ml am ounts. 
They w ere thawed and added to  m edia and re a g e n ts  a s  r e q u ir e d  ( p e n i c i l l i n  
100 u n i t s  p e r  m l; s tre p to m y c in  50 meg p e r  m l) .
A s o lu t io n  o f  0 .1  p e r  c e n t c r y s t a l  v i o l e t  i n  0 .1  M c i t r i c  a c id  
was used  to  enum erate  c e l l s  by  n u c le i  c o u n ts  (S an fo rd  e t  , 19 5 1 ). 
V ia b le  c e l l  c o u n ts  w ere perfo rm ed  in  a one p e r  c e n t ,  aqueous s o lu t io n  
o f  e i t h e r  n ig ro s in &  o r t ry p a n  b lu e ^ , and 0 .1  ml o f  th e  dye s o lu t io n  was 
added to  each  ml o f  c e l l  su sp e n s io n .
A r.H  s to c k  s o lu t io n  o f  t r i s  (hydroxym ethy l) am inom ethane^ b u f f e r  
was made in  d i s t i l l e d  w a te r  and s t e r i l i z e d  in  an  a u to c la v e  a t  15 pounds
lO ifc o  c e r t i f i e d ,  D ifc o  L a b o r a to r ie s ,  D e t r o i t ,  M ich igan .
^P o tassiu m  p e n i c i l l i n - G ,  P a rk e , D avis & C o ., D e t r o i t ,  M ich igan .
^ S trep to m y c in  S u l f a t e ,  E. R. Squibb & Sons, New Y ork, New Y ork.
4Coleman and B e l l  C o .,  Norwood, O hio .
^ A llie d  C hem ical C o rp o ra tio n , New York, New Y ork.
6sigm a 121, Sigma C hem ical Company, S t .  L o u is , M is s o u r i .
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p r e s s u r e  fo r  10 m in u te s . D i lu t io n s  o f  T r ls  w ere made In  th e  re a g e n ts  
o r  m edia and th e  pH o f  th e s e  s o lu t io n s  w ere a d ju s te d  to  th e  d e s i r e d  
le v e l  w ith  0 .3  N NaOH o r  0 .3  N HCl (H anks, 1955 ).
P heno l re d  was p re p a re d  a c c o rd in g  to  th e  method o f M eln ick
(1956) and added to  m edia and r e a g e n ts  to  make a  f i n a l  c o n c e n tr a t io n  
o f  10 mg p e r  l i t e r .
A s t e r i l e  1 M s to c k  s o lu t io n  o f  sodium  b ic a rb o n a te ^  was p r e ­
p a re d  In  d i s t i l l e d  w a te r .
T is su e  C u ltu re  Media
M edia w ere s t e r i l i z e d  by S e i t z  f i l t r a t i o n ;  p e n i c i l l i n  and s t r e p -  
to n y c ln  w ere  added to  a l l  m ed ia . S e v e ra l  m edia w ere ad o p ted  f o r  d i f f e r ­
e n t  p u rp o s e s .  An In e x p e n s iv e  medium (HLY) was u sed  to  c u l t i v a t e  c e l l s  
f o r  v i r u s  a s s a y .  I t  was p re p a re d  In  HBSS and c o n ta in e d  0 .5  p e r  c e n t  
en zy m atic  la c ta lb u m in  h y d ro ly s a te ^ ,  0 .1  p e r  c e n t  y e a s to l a te ^ ,  and f iv e  
p e r  c e n t  h e a t  I n a c t iv a te d  c a l f  serum . A s im i la r  medium (ELY) was p r e ­
p a re d  In  EBSS and c o n ta in e d  0 .2  p e r  c e n t  sodium  b ic a rb o n a te  and 0 .2  p e r  
c e n t  d e x t ro s e  In  a d d i t io n  to  th e  serum , la c ta lb u m in  h y d ro ly s a te ,  and 
y e a s t o l a t e .  I t  was u sed  a s  a  m a in ten an ce  medium f o r  a s s a y  o f  c e l l s .
The c h e m ic a lly  d e f in e d ,  minimum e s s e n t i a l  medium^ (MEM) o f  
E ag te  (1959) was supp lem en ted  w ith  2 oM s t e r i l e  g lu ta m in e ^ , and f iv e
^M atheson, Coleman and B e l l ,  C in c in n a t i ,  O hio ; E a s t R u th e r fo rd ,  
New J e r s e y .
^ N u t r i t io n a l  B lo ch em lca ls  C o rp o ra tio n , C le v e la n d , O hio .
3oifco Laboratories, Detroit, Michigan.
^ M ic ro b io lo g ic a l  A s s o c ia te s ,  B e th esd a , M ary land .
^ C h ro m a to g ra p h lc a lly  p u re ,  Mann R esea rch  L a b o r a to r ie s ,  I n c . ,
New York 6 , New Y ork.
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p e r  c e n t  s t e r i l e ,  h e a t  in a c t iv a te d  c a l f  serum . The g lu tam in e  was p r e ­
p a re d  as a  100 X c o n c e n tra te d  s to c k  s o lu t io n  In  w a te r ,  s t e r i l i z e d  by 
S e i t z  f i l t r a t i o n ,  and s to r e d  a t  -25 C In  10 ml q u a n t i t i e s  u n t i l  need ed . 
T h is  medium was u sed  to  c u l t i v a t e  e x p e rim e n ta l c e l l s .  When Io n ic  com­
p o n e n ts  and b u f f e r s  w ere to  be a l t e r e d ,  a m o d ified  minimum e s s e n t i a l  
medium (MEM-M) was p re p a re d  In  EBSS from s to c k  s o lu t io n s  o f  e s s e n t i a l  
am ino a c ld s^  and v ita m in s^  In  th e  same c o n c e n tra t io n s  as  In  MEM p lu s  
h e a t  I n a c t iv a te d  c a l f  serum  to  make a com plete  medium. When b ic a rb o n ­
a t e  was to  be o m it te d ,  th e  serum  component was s u p p lie d  a s  d ia ly z e d ,  
h e a t  I n a c t iv a t e d ,  c a l f  serum .
C a lf  Serum
The b lo o d , w hich  was c o l le c te d  from  s e v e ra l  young c a lv e s  a t  a 
l o c a l  a b a t t o i r ,  was a llow ed  to  c l o t  and th e  serum  removed to  o b ta in  two 
la r g e  p o o ls . The poo led  s e r a  w ere c e n tr i fu g e d  a t  2500 rpm fo r  20 m in­
u te s  In  an I n t e r n a t i o n a l  PR-2 r e f r i g e r a t e d  c e n t r i f u g e .  The c l e a r ,  
s u p e rn a ta n t  f l u i d  was rem oved, h e a t  I n a c t iv a te d  a t  56 C fo r  30 m in u te s , 
d i s t r i b u t e d  In  25 ml am ounts In  v a c c in e  b o t t l e s ,  and s to re d  a t  -25  C. 
When needed th e  serum  was thawed and s t e r i l i z e d  by S e i t z  f i l t r a t i o n .  
D ia ly z e d  serum  was p re p a re d  by d i a l y s i s  a g a in s t  0 .8 5  p e r  c e n t s a l i n e  
a t  4 to  6  C f o r  24 h o u rs .  D ia ly s i s  was c o n tin u e d  f o r  an  a d d i t io n a l  
48 h o u rs  a g a in s t  EBSS w hich la ck ed  sodium  b ic a rb o n a te  and g lu c o se . The 
d l a l y s a t e  was renew ed ev e ry  18 h o u r s .
Human H erpes S im plex V iru s  A n tiserum
A n tise ru m  fo r  h e rp e s  s im p lex  v i r u s  was o b ta in e d  by p o o lin g  norm al
^ M ic ro b io lo g ic a l A s s o c ia te s ,  B e th esd a , M aryland.
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human s e r a .  N e u t r a l i z a t io n  t e s t s  in  r e p l i c a t e  HeLa c e l l  c u l tu r e s  showed 
t h a t  t h i s  serum , d i l u t e d  one to  1 0 , would n e u t r a l i z e  1 0 ^ to  1 0 ^ TCID5 Q 
o f  th e  HF o r  M s t r a i n s  o f  h e rp e s  s im p lex  v i r u s .  In  c o n t r o l  c u l tu r e s  i t  
was n o t to x ic  fo r  norm al HeLa c e l l s .  To conq>are v i r u s  a s s a y  m ethods, 
TCID5 0 , and p la q u e  fo rm ing  u n i t s ,  t h i s  serum  was in c o rp o ra te d  in to  a l l  
m edia used  to  c u l t i v a t e  h e rp e s  s im p le x - in fe c te d  HeLa c e l l s .
P r e p a ra t io n  o f  P rim ary  C e l l  C u ltu re s  
A se p tic  te c h n iq u e s  w ere employed to  p re p a re  two ty p e s  o f  t i s s u e s  
used  in  p rim ary  c u l t u r e s . C hick embryos o f  n in e  to  12 days in c u b a tio n  
w ere used  a s  th e  so u rc e  o f  c h ic k  f i b r o b l a s t s .  A f te r  rem oval o f  th e  
h ead , app en d ag es , and v i s c e r a ,  th e  c a rc a s s e s  w ere minced in t o  sm all 
frag m en ts  and washed in  la rg e  volum es o f  s t e r i l e  HBSS. K idneys w ere 
removed from  e x sa n g u in a te d  h a m s te rs , and a f t e r  s t r ip p in g  th e  c a p s u le s ,  
c o r t i c a l  t i s s u e s  w ere poo led  and washed w ith  s t e r i l e  HBSS. Ham ster 
k id n e y  and c h ic k  embryo m onolayer c u l tu r e s  w ere p re p a re d  in  th e  fo llo w ­
in g  m anner: t i s s u e s  from  each  so u rce  w ere p la c e d  in  0 .2 5  p e r  c e n t
t r y p s in  s o lu t io n  and in c u b a te d  a t  37 C on a  c o n tin u o u s  s t i r r i n g  a p p a ra ­
tu s  (Magmix) f o r  15 to  30 m in u te s . The s u p e rn a ta n t  f l u i d  was d is c a rd e d ,  
f r e s h  t r y p s in  s o lu t io n  was added to  th e  f ra g m e n ts , and d i s p e r s io n  was 
c o n tin u e d  on a  Magmix a p p a ra tu s  a t  4 to  6  C f o r  18 h o u rs .  S uspen sio n s  
w ere f i l t e r e d  th ro u g h  s e v e r a l  th ic k n e s s e s  o f  c h e e s e c lo th  and c e l l s  w ere 
sed im en ted  a t  600 rpm f o r  15 m inu tes  in  an I n t e r n a t io n a l  PR-2 r e f r i g e r a ­
te d  c e n t r i f u g e  a t  4 C. A f te r  th e  s u p e rn a ta n t  f l u i d  was d is c a rd e d ,  c e l l s  
w ere washed i n  s e v e r a l  volum es o f  HLY and re su sp en d ed  in  t h i s  medium. 
Samples w ere rem oved, d i l u t e d ,  and c e l l  co u n t d e te rm in ed  a f t e r  w hich
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a p p r o p r ia te  d i l u t i o n s  w ere made and c e l l s  w ere seeded  in t o  r e p l i c a t e ,  
ru b b e r  s to p p e re d  t i s s u e  c u l tu r e  tu b e s  w hich m easured 16 by 150 mm. Ap­
p ro x im a te ly  3 X 10^ c e l l s  p e r  ml and 5 x 10^ c e l l s  p e r  ml w ere used  to  
i n i t i a t e  c h ic k  embryo and h am ste r k id n ey  c u l t u r e s ,  r e s p e c t iv e l y .  A ll  
c u l tu r e s  w ere in c u b a te d  a t  37 C as  s t a t i o n a r y  c u l tu r e s  in  r a c k s i  a t  an 
a n g le  o f  ab o u t 10 d e g re e s  from  th e  h o r i z o n t a l .  C hick  embryo c e l l  c u l ­
tu r e s  became m ono layers w i th in  48 h o u rs  a f t e r  s e e d in g  and w ere used  fo r  
v i r u s  s tu d ie s  a t  w hich tim e th e  v i r u s  was in t ro d u c e d . H am ster k id n ey  
c e l l  c u l tu r e s  r e q u ir e d  e ig h t  to  12 days to  d ev e lo p  m o n o lay e rs . Growth 
medium was changed on th e s e  c u l tu r e s  a t  fo u r  to  f iv e  day  i n t e r v a l s .
C u l t iv a t io n  o f  S e r i a l l y  P ro p ag a te d  C e ll  S t r a in s
S to ck  c u l tu r e s  o f  s e r i a l l y  p ro p a g a te d  c e l l  s t r a i n s  w ere c u l t i ­
v a te d  in  HLY, MEM o r b o th .  Growth was i n i t i a t e d  in  250 ml Klmax b o t t l e s  
in c u b a te d  a t  37 C in  a  h o r iz o n ta l  p o s i t i o n .  When HLY was u se d , i t  was 
n e c e s s a ry  to  change th e  medium o n ly  e v e ry  f iv e  to  sev en  d a y s ; MEM c u l ­
tu r e s  r e q u ir e d  a  medium change e v e ry  two to  fo u r d a y s . M onolayers 
w ere u s u a l ly  o b ta in e d  seven  to  10 days a f t e r  s e e d in g . M edia w ere d e c a n ­
te d  and c e l l s  w ere h a rv e s te d  by a d d i t io n  o f  e ig h t  to  10 ml o f  0 .2 5  p e r  
c e n t  t r y p s in  s o lu t i o n .  A c e l l  s u sp e n s io n  was o b ta in e d  w ith in  10 to  20 
m in u te s  a t  room te m p e ra tu re .  C e l ls  w ere mixed w ith  a  p i p e t t e  and s e d i ­
m ented w ith  low speed  c e n t r i f u g a t io n  f o r  one to  two m in u te s . C e l ls  w ere 
w ashed one tim e w ith  th e  a p p r o p r ia te  grow th  medium and a sam ple was 
ta k e n  fo r  c e l l  c o u n t. D ilu t io n s  w ere made so an inocu lum  o f  1 .5  x 10^ 
v ia b le  c e l l s  was added to  each  b o t t l e  c o n ta in in g  12 to  15 ml o f  grow th
IS e e ly e  C raftm en , M in n e a p o lis , M in n eso ta .
38
medium. When MEM was em ployed, i t  was n e c e s s a ry  to  f lu s h  th e  b o t t l e s  
b r i e f l y  w ith  a  m ix tu re  o f  f iv e  p e r  c e n t  CO2  in  a i r  to  c r e a te  a s u i t a b l e  
pH fo r  th e  i n i t i a l  s e e d in g  o f  c u l t u r e s .  G assing  was n o t n e c e s s a ry  once 
c u l tu r e s  w ere e s ta b l i s h e d .
C e l l  C ounts
For p re lim in a ry  c e l l  c o u n ts  a n u c le i  c o u n tin g  te c h n iq u e  (S an ­
fo rd  e t  a l . .  1951) was u se d . C e l ls  w ere d i l u te d  in  0 .1  p e r  c e n t  c r y s ­
t a l  v i o l e t  and counted  in  a  hemocytome t e r  ( f iv e  sq u a re s  on each  cham­
b e r )  . D u p lic a te  o r t r i p l i c a t e  c o u n ts  o f  each  sanqile w ere made and th e  
number o f  c e l l s  p e r  ml o f  su sp e n s io n  was c a lc u la te d  by m u l t ip ly in g  th e  
a v e ra g e  o f  th e  t o t a l  n u n te r  o f  c e l l s  coun ted  p e r  1 0  cmm by th e  d i l u t i o n  
f a c t o r  and th e n  by 10^. V iab le  c e l l  co u n ts  w ere made in  a s im i la r  
m anner. C e l l  su sp e n s io n s  w ere d i l u t e d  in  HLY and 0 .1  ml o f  a  n ig r o s in  
o r  try p a n  b lu e  s o lu t io n  was added p e r  ml o f  each  c e l l  sam ple . The num­
b e r  o f  v ia b le  c e l l s  was d e te rm in e d  p e r  ml in  a hem ocy tom eter.
I n  grow th  ex p erim en ts  th e  number o f  c e l l s  in  r e p l i c a t e  cube 
c u l tu r e s  was d e te rm in e d . I n d iv id u a l  c e l l  co u n ts  w ere made from  two o r 
th r e e  c u l tu r e s  a t  each  tim e  i n t e r v a l .  For t h i s  p u rp o se  th e  grow th 
medium was removed and 0 .5  to  1 .0  ml o f  t r y p s in  s o lu t io n  was added .
An in c u b a tio n  p e r io d  o f  15 m in u tes  a t  room te m p e ra tu re  w ith  f r e q u e n t 
a g i t a t i o n  was r e q u ire d  to  remove th e  c e l l s  from  th e  g l a s s .  A p p ro p r ia te  
q u a n t i t i e s  o f  HLY w ere added d i r e c t l y  to  each  c u l tu r e  to  be co u n te d .
To m inim ize c lu n y in g , 0 .1  p e r  c e n t  sodium  c i t r a t e  was in c o rp o ra te d  in to  
th e  HLY. T rypan  b lu e ,  0 .1  ml p e r  ml o f  c e l l  s u sp e n s io n , was ad d ed . 
A f te r  m ix ing  w ith  a c a p i l l a r y  p i p e t t e  c e l l s  w ere coun ted  in  a  hem ocyto­
m e te r .  Each co u n t r e p re s e n te d  th e  av e ra g e  o f  two o r th r e e  c u l tu r e s  in
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w hich th e  enum era tion  was done in  d u p l i c a te  o r  t r i p l i c a t e .
P re p a ra t io n  o f  V iru s  S u sp en sio n s 
A ll  v i r u s  su sp e n s io n s  w ere p re p a re d  from  young m onolayer c u l ­
tu r e s  o f  HeLa-10 c e l l s .  H erpes s in ^ le x  v i r u s ,  HF s t r a i n  (p o o l #3) was 
used f o r  th e  p re lim in a ry  s t u d i e s .  A f te r  m o n o la y e r -c u l tu re s  in  b o t t l e s  
w ere in o c u la te d  w ith  v i r u s ,  a m a in ten an ce  medium, ELY, was added and 
th e  c u l tu r e s  w ere in c u b a te d  a t  36 C fo r  th r e e  to  fo u r days o r  u n t i l  
maximum c y to p a th ic  e f f e c t s  (CPE) w ere s e e n . The s u p e rn a ta n t  f l u i d  was 
removed and c e n t r i f u g e d  l i g h t l y  to  sed im en t th e  c e l l s .  The v i r u s - c o n ­
ta in in g  s u p e rn a ta n t  f lu i d  was d i s t r i b u t e d  in  1 . 0  ml q u a n t i t i e s  in  sm a ll 
t e s t  tu b e s  w hich w ere s e a le d  w ith  a  g as-o x y g en  b u rn e r ,  f ro z e n  q u ic k ly  
in  an  a lc o h o l  b a th  a t  -65 C, and s to re d  a t  t h i s  te m p e ra tu re  u n t i l  needed. 
R epeated  t i t r a t i o n s  o f  t h i s  su sp e n s io n  in  HeLa c e l l  c u l tu r e s  gave v a lu e s  
o f  a p p ro x im a te ly  10^*^ TCID5 0  p e r  0 .1  m l. I n  l a t e r  s tu d ie s  s e p a ra te  
b ic a r b o n a te - f r e e  p o o ls  o f  h e rp e s  s im p lex  and v a c c in ia  v i r u s e s  o f  h ig h  
in f e c t io u s  t i t e r s  w ere u se d . To o b ta in  th e s e  seed  v i r u s  su sp e n s io n s , 
la rg e  am ounts o f  in f e c t io u s  v i r u s  w ere added to  c e l l  m ono layers in  sm a ll 
volum es so  t h a t  each  c e l l  had maximum o p p o r tu n i ty  f o r  i n f e c t i o n .  A f te r  
a d s o rp t io n  a t  room te m p e ra tu re  fo r  th r e e  h o u rs ,  th e  unadso rbed  v i r u s  was 
d is c a rd e d  and th e  in f e c te d  m onolayers w ere o v e r la id  w ith  12 ml o f  ELY 
m ain ten an ce  medium, and w ere in c u b a te d  a t  36 C fo r  24 h o u rs .  A t t h i s  
tim e CPE was a p p a re n t ,  b u t  l i t t l e  v i r u s  was e v id e n t in  th e  s u p e rn a ta n t  
f l u i d ,  w hich was w ithdraw n and r e p la c e d  w ith  f r e s h  m a in ten an ce  medium. 
A f te r  an  a d d i t io n a l  18 h o u rs  in c u b a tio n  a t  36 C th e  c u l tu r e s  began to  
d e g e n e ra te .  I t  appea red  th a t  a l l  c e l l s  w ere  m o rp h o lo g ic a lly  in f e c te d
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b u t s t i l l  i n t a c t .  The s u p e rn a ta n t  f l u i d  was a g a in  d is c a rd e d  and r e ­
p la c e d  w ith  e ig h t  ml o f  DPBS supplem ented  w ith  f iv e  p e r  c e n t d ia ly z e d ,  
h e a t  in a c t iv a te d  c a l f  serum . F o llo w in g  an a d d i t io n a l  in c u b a tio n  p e r io d  
o f  s ix  to  e ig h t  ho u rs  a t  36 C a l l  c u l tu r e s  w ere f ro z e n  a t  -65 C and 
thawed a t  room te m p e ra tu re .  T h is  c y c le  was re p e a te d  tw ic e  to  d i s r u p t  
c e l l s  and l i b e r a t e  i n t r a c e l l u l a r  v i r u s .  A f te r  low sp e e d , r e f r i g e r a t e d  
c e n t r i f u g a t i o n ,  th e  s u p e rn a ta n t  f l u i d  was found to  c o n ta in  h ig h  concen ­
t r a t i o n s  o f  i n f e c t io u s  v i r u s .  The v i r u s  s u sp e n s io n s  w ere f ro z e n  q u ic k ly  
and s to r e d  a t  -65  C in  0 .5  ml volum es in  sm a ll ,  s e a le d  t e s t  tu b e s .  The 
a v e ra g e  t i t e r s  o f  th e s e  su sp e n s io n s  a r e  p re s e n te d  i n  T ab le  5 . S in ce  
DPBS c o n ta in e d  no added b ic a r b o n a te ,  v i r u s  p o o ls  o f  low b ic a rb o n a te  
c o n te n t  had been  p re p a re d .
V iru s  T i t r a t i o n s  
O ptim al c o n d i t io n s  f o r  t i t r a t i o n  o f  h e rp e s  s in q ile x  v i r u s  (HF 
s t r a i n )  w ere in v e s t ig a t e d  and th e  m ethods s e le c te d  w ere th o se  used  
th ro u g h o u t t h i s  e x p e r im e n ta l w ork. For a s s a y  p u rp o s e s , HeLa-10 c e l l s  
w ere c u l t i v a t e d  e x c lu s iv e ly  in  HLY. Young m onolayer c e l l  c u l tu r e s  w ere 
h a rv e s te d  in  a  r o u t in e  m anner w ith  0 .2 5  p e r  c e n t  t r y p s in  s o lu t io n .
C e l ls  w ere c o l l e c t e d  by low speed  c e n t r i f u g a t io n ,  w ashed in  a sm a ll 
amount o f  HLY, and re su sp en d ed  in  t h i s  medium. C e ll  su sp e n s io n s  w ere 
m a in ta in e d  on a  Magmix s t i r r e r  to  in s u r e  homogeneous d i s t r i b u t i o n  o f  
c e l l s  w h ile  r e p l i c a t e  tu b e  c u l tu r e s  w ere p re p a re d . The number o f  v ia b le  
c e l l s  was d e te rm in e d  from  a  sanqile and th e  o r i g i n a l  su sp e n s io n s  d i l u te d  
so  th a t  3 to  4 X 10^ v ia b le  c e l l s  w ere p re s e n t  p e r  ml o f  medium, w hich 
was d i s t r i b u t e d  in  0 .5  ml am ounts ( 1 .5  to  2 x 10^ c e l l s  p e r  tu b e )  in to  
ru b b e r  s to p p e re d  t i s s u e  c u l tu r e  tu b e s .  A ll  tu b e s  w ere in c u b a te d  in
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TABLE 5 




Herpes simplex, HF strain 3® 105.2
Herpes simplex, HF strain 4 106.4
Herpes simplex, M strain 1 106.5
Vaccinia, D strain 1 106.4
Vaccinia, 0 strain 1 106.6
®Other pools (#1 and #2) had lower infec­
tious titers and were not used in this study.
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s t a t i o n a r y  r a c k s  d e s c r ib e d  p r e v io u s ly .  The number o f  c e l l s  p e r  tu b e  
was ab o u t 3 .5  to  5 .5  x 10^ a f t e r  th r e e  to  fo u r  days In c u b a tio n  a t  w hich 
tim e th e y  w ere used  f o r  v i r u s  a s s a y .
Sam ples to  be a ssa y e d  f o r  v i r u s  c o n te n t  w ere thawed q u ic k ly  In  
a  37 C w a te r  b a th  and s e r i a l  1 0 - fo ld  d i l u t i o n s  w ere made In  DPBS w hich 
was supp lem en ted  w ith  f iv e  p e r  c e n t  h e a t  I n a c t iv a te d  c a l f  serum . A ll  
tu b e s  and r e a g e n ts  w ere m a in ta in e d  In  an  Ic e -w a te r  b a th ;  s e p a r a te  p ip ­
e t t e s  w ere used  to  p re p a re  each  d i l u t i o n .  R e p l ic a te  tu b e  c u l tu r e s  were 
d iv id e d  I n to  g roups o f  fo u r  to  s i x ,  grow th  medium was a s p i r a t e d ,  and 
0 . 1  ml am ounts o f  each  d i l u t i o n  fo r  v i r u s  a s s a y  w ere added to  each  o f  
th e  a p p r o p r ia te  c u l t u r e s .  A tw o-hour a d s o rp t io n  p e r io d  a t  30 to  32 C 
was a llo w e d , d u r in g  w hich tim e  tu b e s  w ere a g i t a t e d  f r e q u e n t ly  to  p r e ­
v e n t d ry in g  o f  th o se  c e l l s  n o t  covered  by th e  sm a ll volum e o f  f l u i d .  
A f te r  th e  a d s o rp t io n  p e r io d ,  0 .5  ml o f  ELY was added to  each  tu b e .  
S ta t io n a r y  c u l tu r e s  w ere In c u b a te d  a t  36 C and exam ined m ic ro s c o p ic a l­
ly  a t  t h r e e ,  f i v e ,  and s i x  days a f t e r  I n f e c t io n .  When c h a r a c t e r i s t i c  
c y to p a th lc  changes w ere n o te d  In  c e l l s  th e  c u l tu r e  was re c o rd e d  a s  
I n f e c te d  and d is c a rd e d .  A l l  tu b e s  w ere d is c a rd e d  a s  n e g a t iv e  I f  
s p e c i f i c  c y to p a th lc  changes w ere n o t se e n  w i th in  f i v e  to  s ix  d a y s .
The TCID3 0  was c a lc u la te d  a c c o rd in g  to  th e  fo rm ula  o f  Reed and Muench 
(1 9 3 8 ). A ll  TCID5 0  d a ta  w ere e x p re sse d  a s  th e  p o s i t i v e  lo g io  of th e  
d i l u t i o n  w hich p roduced  I n f e c t io n  In  50 p e r  c e n t o f  th e  In o c u la te d  c u l ­
tu r e s  .
I n  some p re l im in a ry  s tu d ie s  th e  TCID5 0  was compared w ith  r e s u l t s  
o f  th e  p la q u e  fo rm ing  u n i t  (PFU) method o f  Fasnham (1 9 5 8 ) . P re p a ra t io n  
o f  v i r u s  d i l u t i o n s .  I n o c u la t io n  o f  c u l t u r e s ,  and v i r u s  a d s o rp t io n  w ere
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I d e n t i c a l  fo r  b o th  m e thods. When th e  PFU was to  be c a l c u la t e d ,  ELY was 
m o d ified  by r e p la c in g  c a l f  serum  w ith  f iv e  p e r  c e n t  human serum  w hich 
c o n ta in e d  n u e t r a l i z in g  a n t ib o d ie s  f o r  h e rp e s  s im p lex  v i r u s .  In  such  
m ed ia , p la q u e s  w hich d ev e lo p ed  in  th r e e  to  f iv e  days w ere due to  i n i t i ­
a l l y  ad so rb ed  v i r u s .  The number o f  p la q u es  w hich  d ev e lo p ed  in  in f e c te d  
tu b e s  w ere coun ted  fo u r  and f iv e  days a f t e r  i n f e c t i o n .  The av e ra g e  num­
b e r  o f  p la q u e s  was c a l c u la te d  from  th e  two h ig h e s t  1 0 - f o ld  d i l u t i o n s  
w hich  showed c o u n ta b le  p la q u e s . T h is  av e rag e  was m u l t ip l ie d  by th e  
d i l u t i o n  f a c to r  and was e x p re s se d  a s  th e  lo w e s t w hole number o f  p la q u e  
form ing u n i t s  p e r  0 . 1  ml o f  inocu lum .
C e l l  M onolayers f o r  E x p erim en ta l S tu d ie s
C e l ls  u sed  f o r  e x p e r im e n ta l s tu d ie s  w ere c u l t i v a t e d  in  chem i­
c a l l y  d e f in e d  MEM. S in ce  c e l l s  grew  r a p id ly ,  i t  was n e c e s s a ry  to  change 
th e  medium ev e ry  th r e e  to  fo u r  day s to  p re v e n t t h e i r  d e g e n e ra t io n .
C e l ls  w ere h a rv e s te d  w ith  t r y p s in ,  sed im en ted , and washed w ith  MEM-M 
w hich c o n ta in e d  10 mM sodium  b ic a rb o n a te .  W ith  t h i s  medium, f lu s h in g  
w ith  a  C0 2 ~ a ir  m ix tu re  was n o t n e c e s s a ry .  The number o f  v ia b le  c e l l s  
was d e te rm in ed  in  t ry p a n  b lu e .  Then th e  su sp e n s io n  was d i l u t e d  so t h a t  
th e  inocu lum  fo r  each  c u l tu r e  tu b e  was 1 .0  ml o f  MEM-M c o n ta in in g  a p p ro ­
x im a te ly  4 X ia 5  v ia b le  c e l l s .  A l l  tu b e s  w ere in c u b a te d  in  s t a t i o n a r y  
ra c k s  a t  36 C fo r  24 h o u r s .  A t t h i s  tim e , when c e l l s  had a t ta c h e d  to  
th e  g la s s  and m u l t i p l i c a t i o n  had begun , c u l tu r e s  w ere p la c e d  on r o l l e r  
drums 1 w hich  made 12 r e v o lu t io n s  p e r  h o u r. The c o n s ta n t  m ix ing  and 
b a th in g  o f  c e l l s  a s s u re d  e q u i l ib r iu m  o f  g a se s  betw een th e  l i q u id  and
^Wyble E n g in e e r in g  D evelopm ent C o rp .,  S i lv e r  S p r in g , M ary land .
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gas p h ases  of th e  c u l tu r e  and m inim ized th e  chance o f  lo c a l  accum ula­
t i o n  o f  m e ta b o lic  e n d -p ro d u c ts .  A f te r  24 h o u rs  on th e  r o l l e r  drum, th e  
medium was a s p i r a t e d  from  a l l  c u l tu r e s  and th e  a p p r o p r ia te  e x p e r im e n ta l 
medium was added to  r e s p e c t iv e  groups o f  c u l t u r e s .  F or th e  rem a in d er 
o f  th e  s tu d y  a l l  c u l tu r e s  w ere  in c u b a te d  a t  36 C on th e  r o l l e r  drum.
The medium was changed d a i l y  to  m a in ta in  optimum pH, to  a s s u re  a d eq u a te  
n u t r i t i o n ,  and to  av o id  a c c u m u la tio n  o f  d e l e te r i o u s  m e ta b o lic  p ro d u c ts .  
M ost ex p e rim en ts  w ere d e s ig n e d  so  t h a t  th e  e x p e r im e n ta l medium was in  
c o n ta c t  w ith  c e l l s  f o r  36 to  48 h o u rs  b e fo re  a d d i t io n  o f  v i r u s .
When in o c u la te d  o n to  c e l l s ,  th e  f ro z e n  v i r u s  su sp e n s io n s  w ere 
thaw ed, and d i l u t e d  w ith  DPBS c o n ta in in g  f iv e  p e r  c e n t  d ia ly z e d  c a l f  
serum  to  a  f i n a l  d i l u t i o n  o f  10~^. The DPBS c o n ta in e d  no added b i c a r ­
b o n a te ,  and th e  serum  had been  d ia ly z e d  to  remove a s  much CO2  a s  p o s s ­
i b l e .  A f te r  a s p i r a t i o n  o f  th e  e x p e r im e n ta l medium each  tu b e  was i n f e c ­
te d  w ith  0 .2  ml o f  a  su sp e n s io n  w hich  c o n ta in e d  a p p ro x im a te ly  2 .5  TCID^q 
( lo g ic )  p e r  0 .1  m l. F o llo w in g  th e  a d s o rp t io n  p e r io d  unadsorbed  v i r u s  
was a s p i r a t e d ,  e x p e r im e n ta l medium was r e in t r o d u c e d ,  and in c u b a t io n  o f 
th e  c u l tu r e s  was c o n tin u e d . A p p ro p r ia te  c o n t ro l s  w e re  in c lu d e d  and w i l l  
be d e s c r ib e d  l a t e r .  When sanq)les w ere ta k e n  f o r  v i r u s  a s sa y  th e  c o n te n ts  
o f  two o r th r e e  c u l tu r e s  w ere  f ro z e n  q u ic k ly  a t  -65  C , thawed r a p id ly  in  
a  37 C w a te r  b a th ,  p o o le d , r e f r o z e n ,  and s to r e d  a t  -6 5  C. Samples w ere 
n ev e r s to r e d  more th a n  th r e e  weeks b e fo re  a s s a y in g .  Under such  s to ra g e  
c o n d i t io n s  lo s s  in  v i r u s  t i t e r s  was m in im ized .
CO9. -D e f ic ie n t  C u ltu re s
For e x p e rim e n ts  i n  w hich  C0 2 - d e f i c i e n t  c e l l s  w ere s tu d ie d ,  two 
m ethods o f  b ic a rb o n a te  d e p le t io n  w ere em ployed. P o ta ss iu m  h y d ro x id e
45
t r a p s  (G eyer and Chang, 1958) w ere p la c e d  in  th e  gas ph ase  o f  c u l tu r e s  
to  ab so rb  CO2 . The t r a p s ,  c o n s i s t i n g  o f  a s m a l l ,  s t e r i l e  g la s s  tu b e  
c o n ta in in g  a b so rb e n t c o t to n ,  w ere a t ta c h e d  to  th e  in s id e  o f  ru b b e r  s to p ­
p e rs  and p ro je c te d  in t o  th e  tu b e s ,  b u t  d id  n o t  to u ch  th e  c u l tu r e  medium. 
A f te r  ad d in g  b ic a r b o n a te - f r e e  medium to  c u l t u r e s ,  th e  ru b b e r  s to p p e rs  
and t r a p s  w ere i n s e r t e d ,  and 0 .5  ml o f  10 p e r  c e n t  p o ta ss iu m  h y d ro x id e  
was added to  th e  a b s o rb e n t c o t to n  w ith  a n e e d le  in s e r t e d  th ro u g h  th e  
ru b b e r s to p p e r s .  Changes o f  medium w ere a c c o n y lish e d  d a i l y  by  in s e r t i n g  
a  n e e d le  th ro u g h  th e  s to p p e r  o u ts id e  th e  p o ta ss iu m  h y d ro x id e  t r a p .
F re sh  b ic a r b o n a te - f r e e  medium was added in  a s im i la r  m anner. A t no 
tim e d u r in g  in c u b a tio n  w ere th e  ru b b e r  s to p p e r s  removed from  th e  c u l ­
tu r e s .
A much s im p le r  method (M osley and E n d e rs , 1962) f o r  c r e a t in g  
C0 2 - d e f i c i e n c i e s  was by  r e p la c in g  ru b b e r  s to p p e r s  w ith  c o t to n  p lu g s .
When t h i s  te c h n iq u e  was used medium was changed d a i ly .
CHAPTER I I I
RESULTS
Q u a n t i ta t io n  M ethods 
S in ce  th e  p r e s e n t  i n v e s t ig a t io n  in v o lv ed  r e l a t i o n s h ip s  betw een 
a  v i r u s  and i t s  h o s t  c e l l ,  th e  need fo r  a c c u ra te  and r e p ro d u c ib le  m ethods 
f o r  en u m era tin g  b o th  com ponents o f  th e  sy stem  was param oun t.
C e l l  C ounts
D uring  e a r l y  p h ases  o f  th e se  s tu d ie s  th e  c r y s t a l  v i o l e t - c i t r i c  
a c id  method o f  S an fo rd  (1951) was u t i l i z e d  f o r  c e l l  n u c le i  c o u n ts .
B ecause su sp e n s io n s  o f  HeLa c e l l s  c o n ta in e d  an e x c e ss  number o f  c lum ps, 
c o u n ts  w ere n o t u n ifo rm ly  r e p r o d u c ib le .  S in ce  en u m era tio n  o f  v ia b le  
c e l l s  seemed to  be o f  more v a lu e  th a n  knowing o n ly  th e  t o t a l  number o f  
c e l l s ,  th e  u se  o f  n ig r o s in  s t a i n  (K a lte n b ach  a l . . , 1958) was i n v e s t i ­
g a te d .  C e ll  su sp e n s io n s  w ere made in  t r y p s in  s o lu t io n  and s u i t a b ly  d i l u ­
te d  in  n ig r o s in  s o lu t io n  f o r  c e l l  e n u m e ra tio n . I n i t i a l  co u n ts  w ere 
a p p re c ia b ly  h ig h e r  th a n  su b se q u en t c o u n ts  o f  th e  same specim en . When 
grow th  medium c o n ta in in g  la c ta lb u m in  h y d ro ly s a te ,  y e a s to l a t e  and f iv e  
p e r  c e n t  c a l f  serum  in  H anks' b a la n c e d  s a l t  s o lu t io n  (HLY) was u t i l i z e d  
a s  th e  c e l l  d i l u e n t  in s te a d  o f  D u lb e c c o 's  p h o sp h a te  b a la n c e d  s a l t  s o lu ­
t i o n  (DPBS), c e l l  c o u n ts  w ere s t a b i l i z e d ,  b u t cluoq>ing was s t i l l  a  p ro b ­
lem . I n c o rp o ra t io n  o f  0 .1  p e r  c e n t sodium  c i t r a t e  i n t o  th e  d i l u e n t
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m inim ized  t h i s  so u rce  o f  e r r o r ;  how ever, s in c e  th e  d a rk  brown to  b la c k  
c o lo r  o f  n ig r o s in  made c o u n tin g  somewhat d i f f i c u l t ,  a com parison  o f  
c r y s t a l  v i o l e t ,  n ig r o s in ,  and try p a n  b lu e  s t a i n s  was made in  c o u n ts  o f  
th r e e  c e l l  s u sp e n s io n s . C e l l  c o u n ts  w ere r e p ro d u c ib le  w ith  a l l  th re e  
s t a i n s ,  as may be seen  in  T ab le  6 . Trypan b lu e  was th e  method o f  c h o ic e  
due to  th e  e a se  in  v i s u a l i z in g  c e l l s  and th e  ad v an tag e  o f  knowing th e  
number o f  v ia b le  c e l l s .
V iru s  A ssay Method 
S e v e ra l p rim ary  and s e r i a l l y  p ro p ag a ted  c e l l  c u l tu r e  system s 
w ere in v e s t ig a te d  to  d e te rm in e  w hich type  o f  c e l l  was m ost c o n v e n ie n t 
and s e n s i t i v e  fo r  use  in  v i r u s  a s s a y .  P rim ary  c u l tu r e s  w ere p re p a re d  
from  d e v e lo p in g  c h ic k  embryos and from  k id n ey s o f  young a d u l t  h a m s te rs . 
S e r i a l l y  p ro p a g a te d  c e l l  l i n e s ,  FL and HeLa s t r a i n s ,  w ere o b ta in e d  from  
com m ercial s o u rc e s .  A f te r  m ono layers had d e v e lo p e d , sam ples o f  h e rp e s  
s im p le x  v i r u s ,  p o o l # 3 , w ere d i l u t e d  s e r i a l l y  in  HLY, and 0 .1  ml am ounts 
o f  th e  v i r u s  d i l u t i o n s  w ere in o c u la te d  in to  r e p l i c a t e  tu b e  c u l t u r e s .
The a d s o rp t io n  p e r io d  was one hour a t  37 C. V ario u s  m edia w ere e v a lu ­
a te d  fo r  m a in ten an ce  o f  c e l l s  d u r in g  th e  v i r u s  t i t r a t i o n s .  R e s u l t s  o f  
th e s e  s tu d ie s  a re  p re s e n te d  in  T ab le  7 . C hick embryo c e l l s  p roved  to  
be  th e  m ost s e n s i t i v e ,  b u t  th e y  w ere d i f f i c u l t  t o  m a in ta in . I n  th e  
f i r s t  ex p e rim en ts  u t i l i z i n g  c h ic k  embryo c e l l  c u l t u r e s ,  th e  m a in te n ­
an ce  medium w hich c o n ta in e d  f iv e  p e r  c e n t  head in a c t iv a te d  c a l f  serum 
and 0 . 1  p e r  c e n t  g lu c o s e , p roved  in a d e q u a te ;  th e  c e l l s  became d e tach ed  
from  th e  g la s s  a f t e r  ab o u t 48 h o u rs  and had c o m p le te ly  p e e le d  a f t e r  fo u r 
d a y s . For th e  n e x t group o f  c h ic k  embryo c e l l s  ELY m ain ten an ce  medium
TABLE 6
A COMPARISON OF METHODS FOR COUNTING CELLS
C e l l  S u sp en sio n  1 C e l l  S u sp en sio n  2 C e l l  S u sp en sio n  3
N u c le i
Count




N u c le i
Count




N u cle i
Count




231 196/238* 200/235* 1 1 0 100/113 104/110 152 138/143 144/150
238 198/232 201/232 1 1 2 100/113 109/118 158 139/146 150/160
240 200/233 205/242 1 1 2 1 0 2 / 1 1 1 109/120 160 142/150 152/160
245 204/240 208 /240 113 107/120 111/130 161 154/159 155/160
246 207/250 212/242 113 110/125 115/128 162 154/161 158/161
247 211/247 213/252 115 1 1 0 / 1 2 2 117/129 165 155/164 160/165
250 213/251 215/240 117 115/125 118/125 171 159/168 161/170
258 218/248 218/253 1 2 2 117/130 120/130 172 166/168 161/169
263 221/262 220/248 131 118/131 121/131 174 167/169 168/179
264 225/252 229/260 136 126/134 121/128 180 176/179 172/178
C e l l  Count
X  105 2 .5 2 .1 /2 .5 2 .1 /2 .4 1 . 2 1 . 1 / 1 . 2 1 . 2 / 1 .3 1.7 1 . 6 / 1 . 6 1 . 6 / 1 .7
03
^ R a tlo  o£ v ia b le  c e l l s  (u n s ta in e d )  to  t o t a l  number o f  c e l l s  ( s ta in e d  and u n s ta in e d ) .
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TABLE 7
COMPARATIVE TITRATIOiS OF HERPES SIMPLEX VIRUS*
IN FOUR CELL CULTURE SYSTEMS
C e ll  C u ltu re Growth
Medium






T i te r b
C hick em bryo, P®
10 day in c u b a tio n
HLY 2 ELY-Mid 6 .5
C hick  em bryo, P
12 day in c u b a tio n
HLY 2 ELY-M2* 6 .8
H am ster k id n e y , P HLY 10 ELY-Ml 5 .6
Ham ster k id n e y , P HLY 8 ELY-Ml 5 .5
FL, S^ MEM 4 ELY-Ml 5 .0 8
FL, S MEM 4 MEM 4 .7 8
HeLa-MA^, S MEM 4 ELY-Ml 4 .2 8
HeLa-MA, S MQl 4 MEM 4 . 5 8
H eL a-lO i, S HLY 4 ELY-Ml 5 .2 8
HeLa-10, S HLY 4 HLY 5 .0 8
®HF s t r a i n ,  p o o l #3 .
^TCID^q e x p re s se d  as  p o s i t i v e  log^g  o f  d i l u t i o n  p e r  0 .1  m l. 
cP rim ary  c u l t u r e .
dELY-Ml c o n ta in e d  0 .1  p e r  c e n t  g lu c o s e .
GELY-M2 c o n ta in e d  no c a l f  serum ; 0 .1  p e r  c e n t  g lu c o se . 
^ S e r i a l l y  p ro p a g a te d .
gAverage o f  two ex p erim en ts  w hich d i f f e r e d  le s s  th a n  0 .4  log^Q. 
^From M ic ro b io lo g ic a l  A s s o c ia te s .
^From Tuskegee I n s t i t u t e .
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c o n ta in e d  th e  same amount o f  g lu c o se  b u t was n o t supplem ented  w ith  serum ; 
c y to p a th lc  changes (CPE) d ev eloped  w ith in  24 h o u rs  a f t e r  I n o c u la t io n  and 
p e e l in g  o f  c e l l s  from  th e  g la s s  was no p rob lem  fo r  f iv e  o r  s ix  days d u r ­
ing  w hich  tim e th e  c e l l s  w ere o b se rv e d . I s o l a t e d  a re a s  o f  c y to p a th lc  
changes d ev e lo p ed  r a p id ly  o v er th e  e n t i r e  c e l l  s h e e t .  H am ster k idney  
c e l l  c u l tu r e s  w ere a l s o  shown to  be s e n s i t i v e  to  h e rp e s  s im p lex  v i r u s .  
C y to p a th lc  changes d ev eloped  more s low ly  (48 to  72 hou rs  a f t e r  I n f e c ­
t io n )  b u t  th e  changes w ere d i s t i n c t  and e a s i l y  re c o g n iz e d . The c e l l s  
rem ained In  good c o n d i t io n  fo r  sev en  days w ith o u t a medium change . A l­
though b o th  o f  th e  p rim ary  c e l l  c u l tu r e s  p roved  to  be s e n s i t i v e ,  c e r ­
t a i n  d is a d v a n ta g e s  w ere found when compared to  s e r i a l l y  p ro p a g a te d  c u l ­
tu r e s .  P r e p a r a t io n  o f  c e l l  c u l tu r e s  d i r e c t l y  from  t i s s u e s  was tim e 
consum ing and a l s o  e n t a i l e d  th e  n e c e s s i ty  o f  h av in g  a v a i la b l e  a co n ­
s t a n t  so u rc e  o f  a n im a ls  o r embryos o f  p ro p e r  a g e s .  C hick embryo c e l l  
c u l tu r e s  w ere a t  l e a s t  1 0  tim es  more s e n s i t i v e  th an  o th e r  c e l l s  t e s t e d  
b u t d i f f i c u l t y  In  h a n d lin g  and m a in ta in in g  th e  c e l l s  o f f s e t  t h i s  ad v an ­
ta g e .  The slow  developm ent o f  m onolayers o f  h am ste r k id n ey  c e l l  c u l ­
tu r e s  p r o h ib i te d  t h e i r  u se  In  th e s e  s tu d ie s .
S e r i a l l y  p ro p ag a ted  c e l l  l i n e s  w ere d e s i r a b le  b ecau se  o f  th e  
ea se  w ith  w hich r e p l i c a t e  tu b e  c u l tu r e s  co u ld  be  p re p a re d  a t  any con ­
v e n ie n t  tim e . FL, a  norm al human amnion c e l l  l i n e ,  and two s t r a i n s  o f  
HeLa, a human carc inom a c e l l  l i n e ,  w ere com pared fo r  v i r u s  s e n s i t i v i t y .
In  T ab le  7 I t  can  be seen  t h a t  s m a ll ,  b u t s i g n i f i c a n t ,  d i f f e r e n c e s  In  
s u s c e p t i b i l i t y  w ere e v id e n t .  B ecause o f  I t s  h a r d in e s s ,  th e  HeLa-10 
s t r a i n  was chosen  f o r  a d d i t io n a l  s tu d y . I t  was c u l t iv a t e d  r o u t in e ly  
In  HLY grow th  medium In  w hich good c e l l  m orphology was r e ta in e d  fo r
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fo u r  to  s ix  days w ith o u t a medium ch an g e .
A f te r  th e  HeLa-10 c e l l  s t r a i n  was ch o sen . I t  was d ec id ed  to  
I n v e s t ig a te  th e  f e a s i b i l i t y  o f  u s in g  0 .5  m l. In s te a d  o f  th e  u s u a l 1 .0  
m l, c e l l  Inoculum  fo r  se e d in g  r e p l i c a t e  tu b e  c u l tu r e s .  T h is  would have 
th e  ad v an tag e  o f  a l lo w in g  th e  p r e p a r a t io n  o f  tw ic e  th e  number o f  tube 
c u l tu r e s  fo r  a s s a y  from th e  same number o f  c e l l s ,  s in c e  th e  number o f 
c e l l s  p e r  u n i t  o f  volume rem ained c o n s ta n t .  C e l l  su sp e n s io n s  w ere used 
to  p re p a re  g ro u p s o f  r e p l i c a t e  c u l tu r e s  o f  0 .5  ml c o n ta in in g  2 x 10^ 
c e l l s  p e r  tu b e  and g roups o f  1 .0  ml c o n ta in in g  4 x 10^ c e l l s  p e r  tu b e . 
A f te r  fo u r days In c u b a t io n , s e r i a l ,  1 0 - fo ld  d i l u t i o n s  o f  h e rp e s  s im p lex
v i r u s  w ere p re p a re d  In  HLY, and 0 .1  ml was In o c u la te d  o n to  each  mono­
la y e r .  A f te r  one hour a d s o rp t io n  a t  37 C, m a in tenance  medium ELY (0 .1  
p e r  c e n t g lu c o se )  was added to  each  tu b e  In  a  volume (0 .5  o r 1 .0  ml) 
e q u a l to  t h a t  o f  th e  o r i g i n a l  c e l l  Inocu lum . No s i g n i f i c a n t  d i f f e r ­
ence was no ted  in  TCID^q v a lu e s  o f  th e  two groups In  re p e a te d  e x p e r i ­
m ents (T ab le  8 ) .  For t h i s  re a s o n , 0 .5  ml volum es o f  c e l l  Inoculum  
w ere u t i l i z e d  In  su b seq u en t s tu d i e s .  F ig u re  1 shows th e  r e s u l t s  o f  
s e v e r a l  HeLa-10 grow th ex p e rim en ts  In  HLY medium. C e l l  c o u n ts  w ere 
done d a l ly .  A lthough  grow th  medium was n o t changed d u r in g  th i s  s tu d y , 
numbers o f  v ia b le  c e l l s  In c re a s e d  to  a  maximum a t  s i x  to  seven  days
a f t e r  s e e d in g  and rem ained  c o n s ta n t  to  ab o u t 1 0  d a y s .
To d e te rm in e  I f  c u l tu r e s  o f  d i f f e r e n t  ages w hich c o n ta in  
d i f f e r e n t  numbers o f  c e l l s  would e x h i b i t  e q u a l s e n s i t i v i t y  fo r  v i r u s  
t i t r a t i o n ,  r e p l i c a t e  c u l tu r e s  w ere p re p a re d  In  0 .5  ml volum es o f  HLY.
A t 24 hour I n t e r v a l s  v ia b le  c e l l  c o u n ts  w ere perfo rm ed  on u n in fe c te d  
c e l l  c u l tu r e s .  The o r i g i n a l  medium was n o t changed on c u l tu r e s  u n t i l
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TABLE 8
TITRATICW OF HERPES SIMPLEX VIRUS* IN 0 .5  ML AND
1 . G ML MONOLAYER CULTURES OF HELA-10 CELLS
E xperim ent Volume I n i t i a l 4 Day V iru s
Number in  m l. C e l l  Count** C e l l  Count** T i te r c
1 0 .5 2 . 0 4 .0 5 .4
1 . 0 4 .0 8 . 6 5 .2
2 0 .5 2 . 0 4 .6 5 .4
1 . 0 4 .0 9 .0 5 .4
3 0 .5 2 . 0 4 .3 5 .2
1 . 0 4 .0 8 . 6 5 .2
*HF s t r a i n ,  p o o l # 3 .
b c e l l  co u n t x 1 0 ^ .












F i g .  1 .  G r o w t h  o f  H e L a  c e l l s  I n  HLY" m e d i u m ,  s i x  r e p r e s e n t a t i v e  e x p e r i ­
m e n t s  .
"H LY  c o n t a i n s  l a c t a l b u m i n  h y d r o l y s a t e  a n d  y e a s t  e x t r a c t  I n  
H a n k ' s  b a l a n c e d  s a l t  s o l u t i o n .
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th e  tim e o f  i n f e c t io n .  From day  th r e e  to  day e ig h t  a f t e r  s e e d in g , HF 
h e rp e s  sinq>lex v i r u s ,  p o o l #3 and p o o l # 4 , w ere in o c u la te d  o n to  se p a ­
r a t e  g roups o f  r e p l i c a t e  c u l t u r e s .  V iru s  d i l u t i o n s  w ere p re p a re d  ro u ­
t i n e l y  in  HLY. A f te r  th e  0 .1  ml inoculum  was in tro d u c e d  in t o  th e  c e l l  
c u l tu r e s  and an a d s o rp t io n  p e r io d  o f  one hour a t  37 C had e la p s e d ,  0 .5  
ml o f  ELY (0 .1  p e r  c e n t  g lu c o se )  was added to  each  c u l t u r e .  As may be 
no ted  in  T ab le  9 v ia b le  c e l l  co u n ts  in c re a s e d  d a i l y ,  even though no 
change o f  medium was m ade. However, maximum v i r u s  t i t e r s  w ere o b ta in e d  
o n ly  in  th o se  c u l tu r e s  in f e c te d  th r e e  to  f iv e  days a f t e r  s e e d in g . When 
c e l l  c u l tu r e s  w ere more th a n  f iv e  days o f  age a t  th e  tim e  o f  in f e c t io n  
v i r u s  t i t e r s  tended  to  be lo w er. Thus, in  e n su in g  t i t r a t i o n s  r e p l i c a t e  
c u l tu r e s  w ere used  w hich  w ere th r e e  to  f iv e  days o f  age and w hich con­
ta in e d  3 .5  to  5 .5  X  10^ v ia b le  c e l l s  p e r  tu b e .
Up to  t h i s  p o in t  in  th e  s tu d y ,  th e  r o u t in e  v i r u s  d i l u e n t  had 
been  HLY, a n u t r i e n t  medium w hich c o n ta in e d  la c ta lb u m in  h y d ro ly s a te  and 
y e a s t  e x t r a c t ,  a s  w e ll  a s  b ic a rb o n a te .  For th e  b ic a rb o n a te  d e p le t io n  
ex p e rim en ts  w hich w ere c o n te m p la te d , i t  was im p o r ta n t to  have an a l t e r ­
n a t e ,  b ic a r b o n a te - f r e e  d i l u e n t  w hich had l i t t l e  n u t r i t i v e  v a lu e ,  y e t  
was b u f fe re d  and would p r o te c t  th e  i n f e c t i v i t y  o f  th e  v i r u s .  D u lb e c c o 's  
p h o sp h a te  b u f fe re d  s a l i n e  (DPBS), unsupplem ented  o r  supp lem ented  w ith  
f iv e  o r  10 p e r  c e n t c a l f  serum , was used  to  d i l u t e  HF h e rp e s  s im p lex  
v i r u s ,  p o o l # 3 . These d i l u t i o n s  w ere a ssay ed  in  a  r o u t in e  manner in  
HeLa-10 c e l l s .  As se e n  in  T ab le  10, th e  t i t e r s  o b ta in e d  w ith  DPBS co n ­
t a in in g  e i t h e r  f iv e  o r  1 0  p e r  c e n t  serum  supp lem en ts w ere com parable to  
th o s e  o b ta in e d  w ith  HLY. The much low er t i t e r s  o b ta in e d  w ith  DPBS u n ­
supp lem en ted  w ith  serum  i l l u s t r a t e  t h a t  a p r o te in  f a c to r  i s  n e c e ss a ry
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TABLE 9
TITRATION OF HERPES SIMPLEX VIRUS IN HELA-10 
CELLS INFECTED AT DIFFERENT AGES
Age o f  
C u ltu re
HF Pool #3
V ia b le  V irus 
C e l ls *  T i te r b
HF Pool
V iab le
C e lls *
#4
V iru s
T i t e r “
0 2.0 -  - - 2 .0 - - -
3 2.7 5.2 3 .0 6.4
4 3 .6 5.4 4 .1 6.2
5 4 .6 5.4 5 .0 6.2
6 5.5 4.8 6.1 5 .8
7 6.2 4.6 6.6 5.5
8 6.4 4.2 6.8 5 .4
* C e ll cou n t X 10^.
^TCID^o ex p ressed  a s  p o s i t i v e  lo g ^ ^  o f'5 0
d i l u t i o n  p e r  0 . 1  m l.
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TABLE 10
EFFECT OF THE DILUENT ON TITRATKW OF HERPES 
SIMPLEX VIRUS® IN HELA-10 CELLS
E xperim ent HLY
V iru s
DPBS
T i te r b  in  
DPBS-5 C DPBS-lod
1 5 .2 4 .4 5 .4 5 .4
2 5 .4 4 .6 5 .4 5 .6
®HF s t r a i n , po o l # 3 .
^TCID^Q e x p re s se d  a s  p o s i t i v e  log^g  o f  th e  
d i l u t i o n  p e r  0 .1  m l.
^Supplem ented w ith  f iv e  p e r  c e n t  h e a t  in a c ­
t i v a t e d  c a l f  serum .
^Supplem ented w ith  te n  p e r  c e n t  h e a t  in a c ­
t i v a te d  c a l f  serum .
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to  p r o t e c t  th e  i n f e c t i v i t y  o f  h e rp e s  s im p lex  v i r u s .  A ll  su b se q u en t 
sam ples fo r  v i r u s  a s sa y  w ere d i l u t e d  w ith  DPBS supplem ented  w ith  f iv e  
p e r  c e n t ,  h e a t  I n a c t iv a te d  c a l f  serum  (DPBS- 5 ) .
Up to  t h i s  p o in t  a  one hour a d s o rp t io n  p e r io d  a t  37 C had been 
s e t  a r b i t r a r i l y .  E xperim ents w ere conducted  to  d e te rm in e  th e  o p tim a l 
tim e and te m p e ra tu re  fo r  a d s o rp t io n  o f  HF h e rp e s  s ln p le x  v i r u s  on to  
HeLa-10 m onolayer c e l l  c u l t u r e s .  S e r i a l  1 0 - fo ld  d i l u t i o n s  o f  th e  v i r u s  
In  DPBS-5 w ere In o c u la te d  o n to  HeLa-10 c e l l  c u l tu r e s .  V iru s  a d s o rp tio n s  
w ere co n ducted  as  d e p ic te d  In  T ab le  11. M ain tenance medium was added 
to  one s e t  o f  c e l l  c u l tu r e s  (0 ) Im m ediate ly  a f t e r  th e  v i r u s  d i l u t i o n s  
w ere ad d ed . A d so rp tio n  te m p e ra tu re s  w ere 30 to  32 C o r  37 C, f o r  one 
to  fo u r  h o u rs .  R e s u l ts  showed th a t  a p e r io d  o f  a d s o rp t io n  was n e c e s s ­
a r y  to  o b ta in  maximal v i r u s  t i t e r s .  When th e  a d s o rp t io n  te m p e ra tu re s  
w ere 30 to  32 C t i t e r s  w ere s l i g h t l y  h ig h e r  th a n  In  th o se  c u l tu r e s  h e ld  
a t  37 C. T here w ere o n ly  s l i g h t  d i f f e r e n c e s  In  t i t e r s  w ith  a d s o rp t io n  
p e r io d s  from  one to  fo u r h o u r s . A d so rp tio n  a t  30 to  32 C fo r  two h o u rs  
w as, t h e r e f o r e .  In c o rp o ra te d  I n to  th e  v i r u s  a s s a y  m ethod.
V iru s  t i t e r s  to  d a te  had been  c a l c u la te d  n u m e ric a lly  and e x ­
p re s s e d  as  TCID3 Q, th e  p o s i t i v e  log^g  o f  th e  v i r u s  d i l u t i o n  w hich would 
i n f e c t  50 p e r  c e n t  o f  th e  In o c u la te d  c u l t u r e s .  The p la q u e  fo rm ing  u n i t  
(PFU), an  e x p re s s io n  o f  th e  number o f  i n f e c t io u s  v i r u s  p a r t i c l e s  w hich 
p ro d u ce  p la q u e s  In  a  s u s c e p t ib le  c e l l  c u l tu r e  i s  c a lc u la te d  from  th e  
number o f  p la q u e s  w hich d ev e lo p  p e r  volume o f  v i r u s  s u sp e n s io n , on th e  
a ssu m p tio n  th a t  each  v i r u s  p a r t i c l e  p ro d u ces  one p la q u e  (Fasnham , 1958). 
T h is  sh o u ld  r e p r e s e n t  a c c u r a te ly  th e  number o f  i n f e c t io u s  v i r u s  p a r t i ­
c l e s  p r e s e n t .  R e p l ic a te  c u l tu r e s  w ere p re p a re d  and v i r u s  d i l u t i o n s
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TABLE 11
OPTIMAL TIME AND TQIPERATURE FOR ADSORPTION OF 
HERPES SIMPLEX VIRUS* TO HELA-10 CELLS
V iru s  T l te r ^  a f t e r  A d so rp tio n  
Time in  Hours
T em perature 0 1 2 3 4
37 C 4 .2 4 .8 5 .2 5 .4 5 .2
30 to  32 0 4 .4 5 .2 5 .4 5 .5 5 .4
30 to  32 0 4 .5 5 .4 5 .5 5 .5 5 .8
*HF s t r a i n , p o o l # 3 .
^TCID^O e x p re sse d  a s  p o s i t i v e  lo g jo  o f  th e  
d i l u t i o n  p e r 0 . 1  m l.
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w ere made a s  d e s c r ib e d  p r e v io u s ly .  One g roup  o f  c u l tu r e s  re c e iv e d  th e  
u su a l m a in ten an ce  medium, ELY (0 .1  p e r  c e n t g lu c o se )  supp lem ented  w ith  
f iv e  p e r  c e n t  c a l f  serum ; a  second group r e c e iv e d  ELY (0 .1  p e r  c e n t  
g lu c o se )  supp lem ented  w ith  f iv e  p e r  c e n t human serum  w hich was known 
to  c o n ta in  h e rp e s  s im p lex  n e u t r a l i z in g  a n t ib o d ie s .  The a d s o rp t io n  p e r ­
iod  fo r  b o th  g roups was th e  sam e. A ll  c u l tu r e s  w ere exam ined fo r  c y to -  
p a th ic  changes and in  th e  c u l tu r e s  c o n ta in in g  h e rp e s  s im p lex  a n t is e ru m , 
th e  number o f  p la q u e s  d e v e lo p in g  from  each  v i r u s  d i l u t i o n  w ere c o u n te d . 
From t h i s  d a t a ,  th e  TCID^q and PFU o f th e  same v i r u s  s o lu t io n  co u ld  be 
d e te rm in e d . In  T ab le  12 d a ta  a r e  p re s e n te d  w hich  compare th e  amount o f  
v i r u s  p r e s e n t  a s  d e te rm in e d  by two d i f f e r e n t  m ethods. R epeated  t i t r a ­
t io n s  d e m o n stra te d  th e  r e p r o d u c i b i l i t y  o f  b o th  m ethods. The tim e  i n ­
vo lv ed  i n  c o u n tin g  in d iv id u a l  p la q u e s  p re c lu d e d  r o u t in e  u se  o f  t h i s  
method b eca u se  a  la rg e  number o f  sam ples w ould be r e q u ir e d  fo r  t h i s  
in v e s t i g a t io n .  S in ce  c a l c u l a t i o n  o f  T C I D ^ q  was an  a c c e p ta b le  and r e ­
p ro d u c ib le  method w hich r e q u ir e d  o n ly  a b r i e f  e x am in a tio n  o f  each  tu b e  
to  d e te rm in e  th e  p re se n c e  o r  ab sen ce  o f  CPE, t h i s  method was ad o p ted  
fo r  r o u t in e  u s e .
T hroughout t h i s  work i t  had been  n o te d  th a t  a f t e r  ELY (0 .1  p e r  
c e n t g lu c o se )  medium had been  on c e l l s  fo r  f i v e  o r  s i x  d a y s , e x c e s s iv e ,  
n o n s p e c i f ic ,  d e g e n e ra tio n  o f  c e l l s  o c c u r re d . S in ce  g lu c o se  i s  an  e s s e n ­
t i a l  n u t r i e n t  w hich can  be r e a d i l y  ex h au s te d  from  th e  medium, th e  amount 
o f  g lu c o se  was doub led  in  th e  n e x t ex p e rim en ts  in  o rd e r  to  o b v ia te  c e l l  
dam age. The e x p e r im e n ta l d e s ig n  rem ained a s  d e s c r ib e d  e x c e p t f o r  g lu ­
co se  c o n te n t .  As shown in  T ab le  13, t i t e r s  w ere c o n s i s t e n t ly  h ig h e r  in  
medium w hich  c o n ta in e d  0 .2  p e r  c e n t  g lu c o s e . I n  a d d i t io n ,  c e l l s  w ere
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TABLE 12
A COHPARISW OF THE TCIDgg AND PFU METHODS OF VIRUS ASSAY
HF Poo l #3 HF Pool #4
E xperim ent
Number ELY-Ml® ELY-Minb ELY-Ml® ELY-MIH^
TCID5o= TCID^q PFU^ TCID5 0 TCID5 Q PFU^
1 5 .2 5 .0 0 .9 5 .8 5 .8  6 .2
2 5 .2 5 .2 1 . 1 6 . 2 6 .2  6 .7
3 5 .2 5 .2 1 . 2 6 .4 6 .2  6 .9
4 5 .4 5 .2 1 .3
5 5 .5 5 .4 1 .5
^Supplem ented w ith  f iv e  p e r  c e n t  h e a t  in a c t iv a te d  c a l f  serum  
and 0 . 1  p e r  c e n t  g lu c o se .
^Supplem ented w ith  f iv e  p e r  c e n t  h e a t  in a c t iv a te d  human serum 
w hich c o n ta in e d  h e rp e s  s in ç l e x  a n t ib o d ie s .
CtCID^q ex p re sse d  a s  p o s i t i v e  log^g  o f  th e  d i l u t i o n  p e r  0 . 1  m l.
P laq u e  form ing u n i t  e x p re sse d  a s  th e  av e ra g e  number o f  p la q u e s
p e r  0 . 1  ml x 1 0 ^ .
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TABLE 13
EFFECT OF INCREASED GLUCOSE CONCENTRATION ON THE TITER 
OF HERPES SIMPLEX VIRUS^ IN HELA-10 CELLS
E xperim ent
Number
V iru s  T i te r b  
G lu co se , 0 .1  p e r  c e n t^  G lu co se , 0 . 2  p e r  c e n t
1 5 .8 6 .4
2 5 .8 6 .5
3 6 . 2 6 .5
4 6 . 2 6 . 6
5 6 . 2 6 . 6
6 6 .4 6 . 8
^HF s t r a i n ,  poo l # 4 .
^TCID^o e x p re sse d  a s  p o s i t i v e  lo g ^ g  o f  th e  d i l u t i o n  
p e r  0 . 1  m l.
^G lucose in c lu d e d  in  ELY.
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m o rp h o lo g ic a lly  in  b e t t e r  c o n d i t io n  th a n  in  medium w hich  c o n ta in e d  0 . 1  
p e r  c e n t g lu c o s e .
P r e p a r a t io n  o f  Sam ples fo r  T i t r a t i o n s  o f  I n f e c t i v i t y  
In  th e s e  s tu d ie s  i t  was im p o rta n t to  d e te rm in e  th e  t o t a l  amount 
o f  in f e c t io u s  v i r u s  p r e s e n t  i n  a c e l l  c u l t u r e .  T h is  in c lu d e s  th e  v i r u s  
p r e s e n t  in  th e  s u p e rn a ta n t  f l u i d  and th e  v i r u s  a s s o c ia te d  w ith  th e  h o s t  
c e l l s .  A method w hich u t i l i z e d  a l t e r n a t e  c y c le s  o f  f r e e z in g  and thaw ­
in g  o f  th e  c u l tu r e s  was s tu d ie d  to  d e te rm in e  i f  i t  w ould be e f f e c t i v e  
in  l i b e r a t i o n  o f  v i r u s  w ith o u t b e in g  d e t r im e n ta l  to  i n f e c t i v i t y .  H erpes 
s im p le x  (HF s t r a i n ) - i n f e c t e d  c u l tu r e s  o f  HeLa-10 c e l l s  w hich showed 
g ro s s  CPE w ere p la c e d  a t  -65 C. When conq ile te  f r e e z in g  had o c c u rre d  
( f i v e  to  1 0  m in u te s ) ,  th e  c o n te n ts  o f  th e  b o t t l e s  w ere thawed r a p id l y  
i n  a  37 C w a te r  b a th .  T h is f i r s t  c y c le  o f  f r e e z in g  and thaw ing  com­
p l e t e l y  f re e d  th e  c e l l s  from  th e  g la s s  and r e s u l t e d  i n  a  tu r b id  su sp e n ­
s io n .  A f te r  th e  su sp e n s io n s  from  s e v e r a l  b o t t l e s  w ere poo led  a  sam ple 
was removed fo r  v i r u s  a s s a y .  A d d it io n a l  s a n g le s  w ere ta k e n  a f t e r  s e c ­
ond and th i r d  c y c le s  o f  f r e e z in g  and Chawing and a l l  sam ples w ere 
a ssa y e d  im m ed ia te ly  fo r  t o t a l  in f e c t io u s  v i r u s  c o n te n t .  R e s u l ts  p r e ­
s e n te d  in  T ab le  14 in d i c a te  t h a t  a s in g le  c y c le  o f  f r e e z in g  and thaw ing  
was in a d e q u a te  f o r  com plete  l i b e r a t i o n  o f  th e  c e l l - a s s o c i a t e d  v i r u s .  A 
second  c y c le  was a p p a re n t ly  re q u ire d  fo r  p ro d u c in g  m axim al t i t e r s .  
F re e z in g  and thaw ing  ap p ea red  to  have no d e t r im e n ta l  e f f e c t s  upon i n ­
f e c t i v i t y  o f  v i r u s  p r e p a r a t io n s .  In  a l l  su b seq u en t s tu d ie s  c u l tu r e s  
to  be  a ssay ed  f o r  v i r u s  w ere f ro z e n  q u ic k ly  a t  -65 C, thawed r a p id l y  in  
a  37 C w a te r  b a th ,  p o o le d , f ro z e n  a  second tim e a t  -65  C, and s to r e d  a t  
t h a t  te m p e ra tu re .
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TABLE 14
AMOUNT OF VIRUS® LIBERATED FROM HELA CELLS 
FOLLOWING CYCLES OF FREEZING AMD THAWING




®Herpes s im p le x  v i r u s ,  HF s t r a i n .
^F ro zen  in  a lc o h o l b a th  ( -6 5  C) and 
thawed q u ic k ly  in  w a te r  b a th  (37 C ) .
^TCID^o e x p re sse d  a s  th e  p o s i t i v e  log^g  
o f  th e  d i l u t i o n  p e r  0 . 1  m l.
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E f f e c t  o f  B ic a rb o n a te  on C e ll  P r o l i f e r a t i o n  and V iru s  R e p l ic a t io n  
I n i t i a l  e x p e r im e n ts  w ere conducted  to  d e te rm in e  th e  o p tim a l 
grow th c o n d i t io n s  f o r  HeLa-10 c e l l s  m a in ta in e d  In  c h e m ic a lly  d e f in e d  
MEM. S u sp en sio n s  o f  HeLa c e l l s  w hich had been  c u l t i v a t e d  In  MOl w ere 
p re p a re d  In  MEM-M c o n ta in in g  10 mM b ic a r b o n a te .  T h is  amount o f  b i c a r ­
b o n a te  c re a te d  no s e r io u s  problem  w ith  pH c o n t r o l  a s  v i s u a l l y  d e t e r ­
mined by th e  c o lo r  o f  p h eno l re d  I n d ic a to r ,  and g a s s in g  o f  th e  c u l ­
tu r e s  w ith  CO2  was u n n e c e ss a ry . R e p l ic a te  c u l tu r e s  c o n ta in in g  1 .0  ml 
o f  th e  c e l l  su sp e n s io n s  w ere s e a le d  t i g h t l y  w ith  ru b b e r  s to p p e rs  and 
In c u b a te d  a s  s t a t i o n a r y  c u l tu r e s  a t  37 C fo r  24 h o u rs .  The c e l l s  s e t ­
t l e d  and a t ta c h e d  f i rm ly  to  th e  g l a s s .  They became sm ooth, f l a t t e n e d  
and h y a l in e ,  and c o n tin u e d  t h e i r  norm al developm en t. A f te r  th e  I n i ­
t i a l  In c u b a t io n  p e r io d  o f  24 h o u rs , a l l  c u l tu r e s  w ere t r a n s f e r r e d  to  
r o l l e r  drums a t  36 C fo r  th e  rem a in d er o f  e x p e r im e n ts . F o r ty - e ig h t  
h o u rs  a f t e r  s e e d in g  and 24 h o u rs  a f t e r  c u l tu r e s  w ere p la c e d  on th e  
r o l l e r  drum, th e  tu b e s  w ere d iv id e d  I n to  two g ro u p s . One group was 
In c u b a te d  w ith o u t a  change o f  th e  o r ig i n a l  grow th medium, w hereas 
th e  second  group had d a l ly  medium changes o f  MEM. V ia b le  c e l l  co u n ts  
made a t  24 hour I n t e r v a l s  showed t h a t  d a l ly  medium changes w ere o p t i ­
m al f o r  norm al developm ent o f  th e  c u l tu r e s  (F ig u re  2 ) .  In  c u l tu r e s  
In c u b a te d  w ith o u t chang ing  th e  medium c e l l  d e g e n e ra tio n  began  w ith in  
f iv e  to  s i x  days a f t e r  th e  c u l tu r e s  w ere I n i t i a t e d ,  and v ia b le  c e l l  
c o u n ts  w ere low a f t e r  an  a d d i t io n a l  th r e e  to  fo u r  d a y s . When F ig u re  2 
I s  conqjared w ith  F ig u re  1 d i f f e r e n c e s  In  c e l l  grow th can  be n o te d ; HLY 
su p p o rte d  s u s ta in e d  grow th o f  th e  c e l l s  w ith o u t a  medium change , w hereas 
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F u r th e r  ex p e rim en ts  w ere d es ig n ed  to  d e te rm in e  th e  e f f e c t  o f  
d i f f e r e n t  c o n c e n tra t io n s  o f  b ic a rb o n a te  on h o s t  c e l l  developm ent and 
v i r u s  r e p l i c a t i o n .  S in ce  m u l t i p l i c a t i o n  o f  v a c c in ia  v i r u s  had been 
shown to  be r e ta rd e d  in  b ic a rb o n a te -d e p le te d  c u l tu r e s  (Chang, 1959), 
r e p l i c a t i o n  o f  th e  0 s t r a i n  o f  v a c c in ia  v i r u s  and th e  HF s t r a i n  o f  
h e rp e s  s im p lex  v i r u s  was com pared. C u ltu re s  w ere seeded  and m ain­
ta in e d  fo r  48 hou rs  a s  d e s c r ib e d  in  th e  p re v io u s  e x p e r im e n ts . A f te r  
t h a t  tim e  th e  c u l tu r e s  w ere d iv id e d  in to  fo u r  g ro u p s , th e  medium was 
d is c a rd e d  and re p la c e d  w ith  MEM-M w hich c o n ta in e d  f iv e  p e r  c e n t  d i a -  
ly zed  c a l f  serum  and v a ry in g  c o n c e n tr a t io n s  o f  sodium b ic a r b o n a te .
B e fo re  a d d i t io n ,  pH o f  th e se  m edia was a d ju s te d  to  7 .6  w ith  e i t h e r  0 .3  
N HCl o r  0 .3  N NaOH. At 24 h o u r i n t e r v a l s  t h e r e a f t e r ,  th e  av e rag e  
number o f  v ia b le  c e l l s  in  two o r th re e  c u l tu r e s  was d e te rm in e d  and th e  
medium o f  th e  rem a in in g  tu b e s  was changed . C e l l  co u n ts  and a p p ro x i­
m ate pH v a lu e s  o f  c u l tu r e s  d u r in g  grow th o f  u n in fe c te d  HeLa-10 c e l l s  
a r e  p re s e n te d  in  T ab les  15 and 16. The d a ta  from two ex p e rim e n ts  w hich 
a r e  re c o rd e d  in  T ab le  15 show th a t  th e  c e l l s  developed  n o rm a lly  up to  
th e  tim e when e x p e r im e n ta l m edia w ere ad d ed . T ab le 16 shows d a ta  from  
two ex p e rim e n ts  p e r ta in in g  to  th e  developm ent o f  c u l tu r e s  in  th e  p r e s ­
ence o f  d i f f e r e n t  c o n c e n tr a t io n s  o f  b ic a r b o n a te .  In  th e  medium con ­
t a in in g  40 mM sodium  b ic a r b o n a te ,  grow th o f  HeLa c e l l s  was g r e a t ly  r e ­
ta rd e d  and th e  c e l l  numbers d im in ish ed  r a p id l y .  No e f f o r t  was made to  
c o n t r o l  th e  e le v a te d  pH w hich r e s u l t e d  from  use  o f  such a  medium. C e l l  
g row th  was s u s ta in e d  in  m edia c o n ta in in g  5 , 10, and 20 nM sodium  b i c a r ­
b o n a te .  T here w ere no a p p a re n t d i f f e r e n c e s  in  th e  t o t a l  numbers o f  
c e l l s  from  c u l tu r e s  w hich  w ere grown in  m edia c o n ta in in g  5', 10, o r  20 nM
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TABLE 15
HELA CELL DEVELOPMENT IN GROWTH MEDIUM*
C e l l  Count and pH by Hours^
Experim ent
Number -48^ -24^ 0 ®
CC^ pH8 CC pH CC pH
1 2 .6  7 .1 2 .2  7 .3 4 .0 7 .1
2 3 .0  7 .1 2 .5  7 .3 4 .4 7 .1
^Minimum e s s e n t i a l  medium (E a g le )-m o d ifie d  (MEM-M) was used 
(b ic a rb o n a te  10 nM). A ll  c u l tu r e s  i n i t i a t e d  i n  ru b b e r s to p p e re d  
tu b e s .
^Hours b e fo re  e x p e r im e n ta l c o n d it io n s  i n i t i a t e d .
^ C e lls  in c u b a te d  in  s t a t i o n a r y  c u l tu r e s  a t  37 C.
^ C u ltu re s  p la c e d  on r o l l e r  drum a t  36 C.
^ E x p erim en ta l c o n d i t io n s  i n i t i a t e d .
^ C e ll co u n t x 10^.
^A pproxim ate pH v i s u a l ly  d e te rm in ed  by c o lo r  o f  phenol re d  
i n d i c a to r .
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TABLE 16
EFFECT OF BICARBWATE ON HELA CELL GROWTH
Hours® B ic a rb o n a te
5
B ic a rb o n a te  
1 0  mM^
B ic a rb o n a te  
2 0  nM*»
B ic a rb o n a te  
40 oMH
CC*: pHd CC pH CC pH CC pH
24 7 .8 6 . 8 7 .5 7 .3 6 . 2 7 .7 4 .2 7 .7
7 .2 6 .9 8 . 1 7 .3 6 . 8 7 .7 5 .0 7 .8
48 1 0 . 1 6 .7 1 0 . 2 7 .3 9 .3 7 .6 3 .1 7 .9
10.4 6 .7 1 1 . 0 7 .4 1 0 . 0 7 .5 4 .5 7 .9
72 1 1 . 8 6 . 6 12 .4 7 .2 11 .5 7 .5 2 . 0 7 .9
12.3 6 . 6 13 .2 7 .1 1 1 . 8 7 .4 2 . 6 7 .9
96 14 .0 6 .5 13 .7 7 .3 13 .1 7 .4 0 . 0 8 . 0
14.3 6 .5 14 .4 7 .1 13 .6 7 .4 0 . 0 8 . 0
1 2 0 14 .6 6 .4 1 5 .0 7 .1 1 4 .4 7 .3 _e
15.1 6 .4 15 .5 7 .1 1 4 .0 7 .3 - -
144 15.7 6 .4 16 .1 7 .0 14 .6 7 .4 •
16 .0 6 .4 16 .8 7 .1 1 5 .0 7 .3 - -
168 16 .5 6 .4 17 .3 7 .0 15 .2 7 .3
17.3 6 .4 1 8 .0 7 .0 15 .7 7 .3 - -
192 17 .4 6 .4 18 .1 6 .9 15 .9 7 .3
18.1 6 .4 18 .4 6 .9 1 6 .4 7 .3 • -
^Time a f t e r  e x p e r im e n ta l c o n d i t io n s  i n i t i a t e d .
^Minimum e s s e n t i a l  medium (E a g le )-m o d ifie d  (MEM-M) was u se d . 
A ll  ru b b e r  s to p p e re d  c u l tu r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^ C e ll c o u n t x 10^.
^A pproxim ate pH v i s u a l l y  d e te rm in ed  by c o lo r  o f  p h eno l red  
in d i c a to r .
®No sam ples ta k e n .
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b i c a r b o n a t e ,  a l th o u g h  d i f f e r e n c e s  in  pH were d em o n s tra te d .  C u l tu r e s  con­
t a i n i n g  10 mM b ic a r b o n a te  m a in ta in e d  pH v a lu e s  o f  ap p ro x im a te ly  7 .0 ,  
w h i le  c u l t u r e s  grown in  20 mM b ic a r b o n a te  medium had pH v a lu e s  above 
7 .0 .  F ig u re  3 i l l u s t r a t e s  g r a p h i c a l l y  d a t a  from T ab les  15 and 16 on 
grow th o f  HeLa c e l l s  i n  v a r io u s  c o n c e n t r a t i o n s  o f  b ic a r b o n a te .
In  ex p er im en ts  t o  d e te rm in e  v i r u s  r e p l i c a t i o n  in  c e l l s  c u l t i ­
v a te d  i n  th e  p re se n c e  o f  v a ry in g  amounts o f  sodium b ic a r b o n a t e ,  a d i l u ­
te d  v i r u s  su sp e n s io n  was added to  r e p l i c a t e  c u l t u r e s  96 hours  a f t e r  th ey  
w ere seeded  and 48 h o u rs  a f t e r  each b ic a r b o n a te - c o n ta in i n g  medium was 
added .  At t h i s  t im e , e x c lu s iv e  o f  th e  medium c o n ta in in g  40 mM b i c a r ­
b o n a te ,  a p p ro x im a te ly  one m i l l i o n  c e l l s  were c o n ta in e d  in  each  c u l t u r e .  
The medium from each c u l t u r e  was d i s c a r d e d  and 0 .2  ml volumes o f  10~^ 
d i l u t i o n s  o f  seed v i r u s e s  (HF h e rp e s  sinq>lex o r  0 v a c c in ia )  w ere added 
to  r e p l i c a t e  c u l t u r e s  grown i n  th e  d i f f e r e n t  b ic a r b o n a te  c o n ta in in g  
m ed ia .  In  each  in s t a n c e ,  a f t e r  a d s o r p t i o n ,  unadsorbed  v i r u s  was removed, 
and 1 .0  ml o f  th e  a p p r o p r i a t e  b ic a r b o n a te  medium was a g a in  added to  each 
c u l t u r e .  Sanqiles r e p r e s e n t i n g  t o t a l  i n f e c t i o u s  v i r u s  c o n te n t  a t  ze ro  
tim e w ere  ta k e n  from each  group o f  c u l t u r e s ,  p re p a re d  by f r e e z i n g  and 
thaw ing ,  and s to r e d  a t  -65  C. S im i la r  samples w ere ta k e n  a t  12 o r  24 
h ou r  i n t e r v a l s  th ro u g h o u t  th e  e x p e r im e n t s . T i t r a t i o n s  o f  seed  v i r u s  
w ere in c lu d e d  a s  a c o n t r o l  i n  th e  a s s a y  o f  v i r u s  sample from each  c u l ­
t u r e  m a in ta in e d  in  fo u r  b i c a r b o n a te - c o n ta in i n g  m edia . R e s u l t s  o f  the  
t i t r a t i o n s  o f  v a c c in ia  and h e rp e s  s im p le x  v i r u s e s  a r e  p r e s e n te d  in  
T ab le s  17 and 18, r e s p e c t i v e l y .  F ig u re  4 g r a p h i c a l l y  d e p i c t s  th e s e  com­
b in e d  d a t a .  No v i r u s  was produced in  c u l t u r e s  m a in ta in e d  in  40 mM b i c a r ­






F i g .  3 .  E f f e c t  o f  b i c a r b o n a t e  o n  H eL a  c e l l  g r o w t h .
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TABLE 17
EFFECT OF BICARBONATE Œ) VACCINIA VIRUS® 
PRODUCTION BY HELA CELLS
Growth
Hours A f te r  A d so rp t io n  When V irus  
Samples Were Taken
C o n d it io n s
0 12 24 48 72 96 120 144
B ic a rb o n a te  5 mM 1.2= 2 .0 3 .8 4 .6 4 .8 5 .4 5 .6 5 .5
B ic a rb o n a te  10 mM 0 .8 3 .2 4 .5 5 .2 5 .6 6 .0 6 .4 6 .8
B ic a rb o n a te  20 mM 1.2 2 .8 4 .2 5 .5 5 .5 6 .2 6 .2 6 .5
B ic a rb o n a te  40 mM 0 .6 0 .8 0 .2 0 .0 _d - - -
®0 s t r a i n .
M inim um  e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was u se d .  A ll  
ru b b e r  s to p p e re d  c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
CTCIDgQ ex p ressed  a s  p o s i t i v e  log^g o f  d i l u t i o n  p e r  0 .1  ml.
^No sample ta k e n .
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TABLE 18
EFFECT OF BICARBCMATE W  HERPES SIMPLEX VXRUS  ^
PRODUCTION BY HELA CELLS
Growth
Hours A f t e r  A d so rp t io n  When V irus  
Samples Were Taken
C o n d i t io n s ^
0 12 24 48 72 96 120
B ic a rb o n a te  5 nM 0.6= 1 .5 3 .6 4 .5 5 .2 5 .8 5 .2
B ic a rb o n a te  10 oM 0 .8 2 .2 3 .8 5 .2 6 .4 6 .5 4 .2
B ic a rb o n a te  20 oM 0 .5 1 .4 3 .2 4 .6 5 .5 5 .8 4 .8
B ic a rb o n a te  40 odM 0 .6 0 .0 0 .0 -d - - -
*HF s t r a i n .
M inim um e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M) was used, 
A l l  r u b b e r  s to p p e re d  c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^TCIDgQ e x p re s s e d  a s  p o s i t i v e  lo g jg  o f  d i l u t i o n  p e r  0 .1  ml.










•: Vaccinia virus, 0 strain.
5 wM BCO3  
10 iM HCO3  
20 aM BCO3  
40 m  BCO3  
O: Harps# aisflax virus, HF strain
5 m  BCO3  
10 aM BCO3  
20 m  BCO3  
40 aM BCO3
Fig. 4 . E ffec t  o f  b ica rbonate  on v i r a l  r e p l i c a t io n  in  HeLa c e l l s .
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r e p l i c a t i o n  o f  v a c c in i a  v i r u s  c o n t in u e d  to  c o m p le t io n  o f  th e  experim en t 
(144 h o u r s ) . The amount o f  v a c c i n i a  v i r u s  p roduced  was s l i g h t l y  lower 
i n  th e  5 mM b ic a r b o n a t e - c o n ta in i n g  medium th a n  i n  th e  10 and 20 ooM m edia. 
Herpes s im p lex  v i r u s  p ro d u c t io n  reached  i t s  maximal l e v e l  a t  72 to  96 
h o u r s ,  by w hich tim e most o f  th e  c e l l s  had been  d e s t ro y e d  by v i r u s  a c t i ­
v i t y .  O ptim al p ro d u c t io n  o f  h e rp e s  s im p lex  v i r u s  o ccu rre d  i n  th e  10 mM 
b ic a r b o n a te  medium.
E f f e c t  o f  T r i s  on C e l l u l a r  P r o l i f e r a t i o n  and V irus  R e p l i c a t i o n  
S in c e  Chang et^ (1961) and Mosley and Enders (1962) showed 
t h a t  c e r t a i n  ty p e s  o f  c e l l s  c o u ld  be m a in ta in e d  ^  v i t r o  i n  T r i s - b u f f e r e d  
media w hich d id  n o t  have an a tm osphere  o f  in c re a s e d  CO2 , s t u d i e s  were 
u n d e r ta k e n  t o  d e te rm in e  th e  e f f e c t s  o f  T r i s  on th e  growth o f  HeLa c e l l s .  
To do t h i s  open and c lo se d  c u l t u r e s  were u se d .  A t t e o ç t s  t o  i n i t i a t e  
c u l t u r e s  i n  T r i s - b u f f e r e d  m edia as  d e s c r ib e d  by Geyer and Chang (1958) 
were c o m p le te ly  u n s u c c e s s f u l .  I n  such m edia , th e  c e l l s  rem ained  ro u n d ­
e d ,  w ere g r a n u l a r ,  had marked te n d e n c ie s  t o  rem ain  clumped, and s u s ­
ta in e d  grow th was e r r a t i c .  T h e r e f o re ,  1 .0  ml volumes o f  s u s p e n s io n s  o f  
c e l l s  i n  MEM-M c o n ta in in g  10 mM b ic a r b o n a te  w ere  used to  i n i t i a t e  r e p l i ­
c a t e  tube  c u l t u r e s .  A l l  tu b e s  w ere t i g h t l y  c lo s e d  w i th  ru b b e r  s t o p p e r s .  
P r e p a r a t io n  o f  c e l l s  and su b se q u e n t  growth c o n d i t io n s  f o r  48 h o u rs  a f t e r  
s e e d in g  w ere th e  same as  in  th e  p re v io u s  b i c a r b o n a te  s t u d i e s .  A f te r  48 
h o u rs  th e  c u l t u r e s  were d iv id e d  i n t o  two eq u a l  g ro u p s ,  th e  medium was 
d i s c a r d e d  and 1 .0  ml q u a n t i t i e s  o f  MEM-M, c o n ta in in g  f i v e  p e r  c e n t  d i -  
a ly z e d ,  h e a t - i n a c t i v a t e d  c a l f  serum and b u f f e r e d  w i th  v a r io u s  concen­
t r a t i o n s  o f  T r i s ,  were added to  d e s ig n a te d  c u l t u r e s  o f  each  g ro u p . The
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I n i t i a l  pH v a lu e s  o f  a l l  media were a d j u s t e d  t o  7 .6  w i th  HCl o r  NaOH, 
as  i n  th e  b ic a rb o n a te  s tu d y .  One group o f  c u l t u r e s  was in c u b a te d  in  
tu b e s  s e a le d  w ith  ru b b e r  s to p p e r s  and a second group was in c u b a te d  as 
open c u l t u r e s ,  i . e . ,  ru b b e r  s to p p e r s  were r e p la c e d  w i th  lo o s e ly  f i t t e d  
c o t t o n  p lu g s .  A l l  c u l t u r e s  were k e p t  on r o l l e r  drums a t  36 C. Medium 
change and v i a b l e  c e l l  co u n ts  were perform ed d a i l y .  I n  T ab le  19 d a t a
co n c e rn in g  developm ent o f  c u l t u r e s  p r i o r  t o  i n s t i t u t i o n  o f  experim en­
t a l  c o n d i t io n s  a r e  r e c o r d e d .  Table  20 g iv e s  d a t a  o f  t h r e e  exp er im en ts  
on th e  developm ent o f  HeLa c e l l s  in  T r i s - c o n t a i n i n g  m edia i n  c lo se d  
c u l t u r e s .  Medium c o n ta in in g  20 mM T r i s  was t o x i c  fo r  t h e  c e l l s ,  a s  
shown by r a p id  d e c r e a s e  i n  th e  number o f  v i a b l e  c e l l s ,  t h e i r  g r a n u la r ,  
rounded  ap p ea ran ce ,  and r a p id  detachm ent from th e  g l a s s  s u r f a c e s .  In  
c u l t u r e s  grown in  medium c o n ta in in g  1, 5 ,  o r  10 mM T r i s ,  th e  number o f  
v i a b l e  c e l l s  co n t in u e d  to  in c r e a s e  even where pH v a lu e s  w ere  reduced
to  a b o u t  6 .5 ,  a s  o c c u r re d  i n  media c o n ta in in g  1 and 5 nM T r i s .  In  a
medium c o n ta in in g  10 mM T r i s  th e  pH was m a in ta in e d  a t  more n e a r l y  phy­
s i o l o g i c a l  l e v e l s  and o p t im a l  growth o f  c e l l s  o c c u r r e d .  M ic ro s c o p i­
c a l l y ,  th e  c e l l s  co u ld  n o t  be d i s t i n g u i s h e d  from th o s e  grown in  b i c a r -  
b o n a te - b u f f e r e d  m edia .  The developm ent o f  HeLa c e l l s  i n  T r i s - b u f f e r e d  
media i n  open c u l t u r e s  i s  g iv e n  in  T ab le  21. As i n  c lo s e d  c u l t u r e s ,
20 mM T r i s  proved to  be  t o x i c  fo r  c e l l s .  The number o f  v i a b l e  c e l l s  
c o n t in u e d  to  in c r e a s e  fo r  ab o u t 24 ho u rs  i n  th e  open c u l t u r e s  which 
c o n ta in e d  1, 5 ,  o r  10 mM T r i s .  T h e r e a f t e r ,  and f o r  t h e  rem a in in g  f i v e  
days  o f  th e  ex p e r im e n t ,  c e l l  numbers i n  c o t to n  p lugged c u l t u r e s  rem ained 
rem a rk ab ly  c o n s ta n t ,  w hereas  c e l l s  m a in ta in e d  i n  a c lo s e d  c u l t u r e  co n ­
t in u e d  to  m u l t i p l y .  The pH v a lu e s  w ere u n ifo rm ly  h ig h e r  i n  open c u l t u r e s
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TABLE 19
HELA CELL DEVELOPMENT IN GROWTH MEDIUM^
Experim ent
Number
C e l l  Count and pH by Hours^ 
-48^ -24^ 0®
CC^ p H8 CC pH CC pH
1 3 .0  7 .1 2 .5  7 .4 4 .5 7 .2
2 3 .1  7 .1 3 .0  7 .4 5 .0 7 .2
3 3 .5  7 .1 3 .1  7 .4 5 .2 7 .1
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M) was used 
( b ic a r b o n a te  10 mM). A l l  c u l t u r e s  i n i t i a t e d  i n  r u b b e r  s to p p e re d  
t u b e s .
'^Hours b e f o r e  e x p e r im e n ta l  c o n d i t io n s  i n i t i a t e d .
‘"C ells  in c u b a te d  in  s t a t i o n a r y  c u l t u r e s  a t  37 C.
^ C u l tu re s  p la c e d  on r o l l e r  drum a t  36 C.
^ E x p er im en ta l  c o n d i t io n s  i n i t i a t e d .
^ C e ll  coun t x 10^.
^Approximate pH v i s u a l ly  determ ined by c o lo r  o f  phenol red
in d ic a to r .
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TABLE 20
EFFECT OF TRIS ON HELA CELL GROWTH IN CLOSED CULTURES
Hours*
T r i s 1 T r i s 5 nM** T r i s 10 oM*» T r is 20 mM*’
CCC pH^ CC pH CC pH CC pH
24 6 .6 6 .4 6 .8 6 .4 6 .8 6 .9 4 .4 7 .9
6 .6 6 .4 7 .0 6 .4 7 .2 7 .0 4 .8 7 .8
7 .0 6 .4 7 .1 6 .4 7 .4 6 .9 5 .1 7 .7
48 9 .5 6 .4 1 0 .0 6 .4 10 .3 6 .9 1 .0 7 .7
9 .8 6 .4 9 .9 6 .4 1 0 .6 6 .9 2 .3 7 .9
10 .4 6 .4 1 0 .8 6 .4 11 .1 6 .9 2 .5 7 .7
72 11.2 6 .4 1 1 .0 6 .4 1 2 .0 6 .9 0 .0 7 .9
11.5 6 .4 11 .6 6 .4 1 2 .6 6 .9 0 .0 7 .9
12 .0 6 .4 1 2 .6 6 .4 1 3 .0 6 .9 0 .0 7 .9
96 13 .6 6 .4 1 4 .4 6 .4 15 .5 6 .7 _e _
14.1 6 .4 14 .9 6 .4 16 .2 6 .7 - -
15 .0 6 .4 14 .7 6 .4 16 .5 6 .7 - -
120 14.5 6 .3 1 5 .0 6 .4 16 .3 6 .7
15.1 6 .2 1 5 .8 6 .4 16 .8 6 .7 - -
15.5 6 .3 1 6 .4 6 .4 17 .1 6 .7 - -
144 15 .0 6 .3 1 4 .6 6 .4 17 .1 6 .7
15.5 6 .3 16 .2 6 .4 1 6 .6 6 .7 - -
16.1 6 .3 16 .5 6 .4 1 7 .0 6 .7 • -
^Time a f t e r  e x p e r im e n ta l  c o n d i t io n s  i n i t i a t e d .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was u s e d .  
A l l  ru b b e r  s to p p e re d  c u l t u r e s  in c u b a ted  a t  36 C on r o l l e r  drum.
C c e l l  co u n t  x 10^.
^Approximate pH v i s u a l ly  determ ined by co lo r  o f  phenol red
in d ic a to r .
^ o  sa n g le s  taken .
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TABLE 21
EFFECT OF IRIS ON HELA CELL GROWTH IN  OPEN CULTURES
Hours®
T r i s 1 mM^ T r i s 5 T r i s 10 T r i s 20 bM*’
CC*: pHd CC pH CC pH CC pH
24 6 .8 6 .6 6 .8 6 .7 6 .2 7 .2 4 .0 7 .9
6 .5 6 .7 6 .8 6 .7 6 .5 7 .1 3 .6 7 .9
7 .5 6 .6 7 .2 6 .7 6 .9 7 .1 4 .8 7 .8
48 7 .0 6 .7 7 .1 6 .7 6 .8 7 .2 0 .0 8 .2
7 .1 6 .7 7 .5 6 .7 7 .5 7 .2 0 .0 8 .2
7 .8 6 .7 7 .5 6 .7 8 .1 7 .2 0 .0 8 .2
72 7 .1 6 .7 7 .6 6 .7 7 .5 7 .2 _e -
7 .3 6 .7 7 .8 6 .7 7 .8 7 .1 - -
7 .5 6 .7 8 .1 6 .7 8 .0 7 .1 - -
96 6 .8 6 .8 7 .0 6 .9 7 .6 7 .1 -
6 .7 6.7 7 .6 6 .8 8 .0 7 .1 - -
7 .0 6 .7 8 .0 6 .8 7 .8 7 .1 - -
120 6 .5 6 .8 7 .2 6 .8 7 .8 7 .0 _ _
6 .8 6 .8 7 .2 6 .7 8 .2 7 .1 - -
7 .0 6 .8 7 .6 6 .8 8 .3 7 .1 - -
144 6 .4 6 .9 7 .1 6 .9 7 .5 7 .1 _ _
6 .6 6 .8 7 .3 6 .8 8 .0 7 .0 - -
6 .7 6 .8 7 .4 6 .7 8 .1 7 .0 —
^Time a f t e r  e x p e r im e n ta l  c o n d i t i o n s  i n i t i a t e d .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M) was u se d .  
A l l  c o t to n  p lugged  c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^ C e l l  coun t x 10^.
‘^ Approximate pH v is u a l ly  determ ined by c o lo r  o f  phenol red
in d ic a to r .
^No sam ples tak en .
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th a n  i n  c lo se d  c u l t u r e s .  M ic r o s c o p ic a l l y ,  th e  c e l l s  i n  open c u l t u r e s  
became d e l i c a t e  and h y a l in e  i n  ap p ea ran ce  and l a r g e r  th a n  no rm al.  I n  
o t h e r ,  long  te rm  e x p e r im e n ts ,  under th e s e  same c o n d i t i o n s ,  c e l l s  r e ­
ta in e d  th e s e  c h a r a c t e r i s t i c s  f o r  seven  to  10 d a y s ,  a f t e r  which tim e 
d e g e n e r a t io n  o c c u r re d  r a p i d l y .  I n  F ig u re  5 d a t a  from T ab les  19, 20, 
and 21 a r e  combined t o  show th e  growth o f  HeLa c e l l s  i n  T r i s - c o n t a i n i n g ,  
open and c lo se d  c u l t u r e s .  The d i s t i n c t l y  d i f f e r e n t  grow th p a t t e r n s  o f  
th e  c e l l s  i n  th e  two gas  phase  c o n d i t io n s  a r e  r e a d i l y  s e e n .  At 48 hou rs  
a f t e r  i n t r o d u c t i o n  o f  medium c o n ta in in g  1 , 5 ,  o r  10 nM T r i s ,  c e l l  co u n ts  
o f  c u l t u r e s  grown i n  th e  c lo se d  sy s tem  and i n  th e  open sy s tem  were a p p ro ­
x im a te ly  1 X 10^ and 7 x 105 r e s p e c t i v e l y .  R e p r e s e n t a t i v e  c u l t u r e s  from 
each  group in  th e  ex p e r im e n ts  J u s t  d e s c r ib e d  w ere i n f e c t e d  w i th  e i t h e r  
HF h e rp e s  s in y l e x  o r  D v a c c in i a  v i r u s .  T echniques used f o r  th e  p r e p a r a ­
t i o n ,  i n o c u l a t i o n ,  and a d s o r p t io n  o f  v i r u s  and f o r  th e  c o l l e c t i o n  o f  
sam ples f o r  a s s a y  o f  t o t a l  v i r u s  c o n te n t  w ere i d e n t i c a l  t o  th o s e  d e s ­
c r ib e d  i n  th e  e a r l i e r  s tu d y  on e f f e c t s  o f  b i c a r b o n a te  c o n c e n t r a t i o n  on 
r e p l i c a t i o n  o f  h e rp e s  s i n y l e x  and v a c c in i a  v i r u s e s  by HeLa c e l l s .  I n  
media b u f f e r e d  w i th  20 nM T r i s ,  a c o n c e n t r a t i o n  which had p r e v io u s l y  
been  shown to  be t o x i c  f o r  HeLa c e l l s ,  n e i t h e r  h e rp e s  s im p lex  n o r  v a c ­
c i n i a  v i r u s  was r e p l i c a t e d ,  r e g a r d l e s s  o f  th e  c o n d i t io n s  o f  in c u b a t io n .
As may be seen  i n  T a b le  22, p ro d u c t io n  o f  v a c c i n i a  v i r u s  by HeLa c e l l s  
was e s s e n t i a l l y  th e  same i n  c u l t u r e s  m a in ta in e d  i n  a  c lo s e d  system  i n  
th e  p re s e n c e  o f  1, 5 ,  and 10 nM c o n c e n t r a t i o n s  o f  T r i s .  E s s e n t i a l l y  
th e  same r e s u l t s  w ere o b ta in e d  w i th  h e rp e s  s im p lex  v i r u s  i n  a  c lo se d  
system  (T ab le  2 3 ) .








# :  R u b b a r  i t o p p a r a d  c u l t u r e »  ( c l o i a d )
“  —  : 1 W l  T r i »
: S T r i »
: 1 0  aM T r i »
— — -  : 2 0  aM T r i »
o :  C o t t o n  p l u g g e d  c u l t u r e »  ( o p e n ) .
1 aM T r i »
■ • • • • • • • a  3  i M  T r i »
— — — : 1 0  i M  T r i »





H o u r »
F i g .  S .  E f f e c t  o f  T r i »  o n  H e L a  c e l l  g r o w t h  i n  o p e n  e n d  c l o a e d  c u l t u r e » .
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TABLE 22
EFFECT OF TRIS ON VACCINIA VIRUS* PROTUCTION BY
HELA CELLS IN OPEN AND CLOSED CULTURES
Hours a f t e r  
A d so rp t io n
T r i s  1 n# f T r i s  5 oM*’ T r i s  10 oM*) T r i s  20 mM*)
closed® open‘d c lo s e d open c lo s e d open c lo se d open
0 0.6® 0 .8 0 .5 0 .6 0 .6 0 .8 0 .5 0 .5
12 2 .2 0 .6 2 .4 0 .5 2 .2 0 .8 0 .4 0 .2
24 2 .5 0 .8 2 .6 0 .8 2 .5 1 .2 0 .0 0 .0
36 3 .2 1 .5 3 .5 1 .4 3 .6 1 .8 0 .0 0 .0
48 3 .5 1 .2 3 .8 1 .5 4 .2 1 .8 . f -
60 4 .5 1 .8 4 .6 2 .4 4 .7 2 .2 - -
72 5 .2 2 .4 5 .2 2 .6 5 .4 2 .5 - -
96 4 .8 2 .6 5 .4 2 .5 5 .4 2 .6 - -
120 5 .2 2 .8 5 .6 2 .8 5 .8 2 .5 - -
144 5 .5 2 .8 6 .0 3 .0 6 .2 2 .8 - -
168 5 .6 3 .2 6 .2 3 .4 6 .5 3 .4 - -
*D s t r a i n .
M inimum e s s e n t i a l  medium (E a | | l e ) -m o d i f ie d  (MEM-M) was u se d .  A l l  
c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^Rubber s to p p e re d  c u l t u r e s .
^ C o tto n  p lugged  c u l t u r e s .
®TCID^q e x p re s se d  as  p o s i t i v e  log^Q o f  d i l u t i o n  p e r  0 .1  ml.
%o samples tak en .
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TABLE 23
EFFECT OF TRIS ON HERPES SIMPLEX VIRUS* PRODUCTION
BY HELA CELLS IN OPEN AND CLOSED CULTURES
Hours a f t e r  
A d so rp t io n
T r i s  1 T r i s  5 n#|b T r i s  10 T r i s  20 nM*)
c lo s e d ^ dopen c lo se d open c lo sed open c lo se d open
0 0.8® 0 .8 0 .8 0 .6 0 .6 0 .8 0 .4 0 .4
12 0 .8 0 .5 0 .8 0 .6 1.2 1 .4 0 .5 0 .2
24 2 .4 2 .0 2 .5 2 .4 2 .8 2 .5 0 .2 0 .0
36 2 .8 2 .5 2 .8 2 .6 3 .2 2 .8 0 .0 0 .0
48 3 .2 2 .8 2 .8 3 .0 3 .8 3 .4 _f -
60 3 .8 3 .6 3 .8 4 .2 4 .6 4 .4 - -
72 5 .8 5 .2 5 .4 5 .2 6 .5 6 .2 - -
96 6 .2 5 .8 6 .2 5 .6 6 .6 6 .4 - -
120 5 .5 5 .6 5 .4 5 .5 5 .8 6 .2 - -
*HF s t r a i n .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was used .  
A l l  c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^Rubber s to p p e re d  c u l t u r e s .
^C o tton  p lugged  c u l t u r e s .
^TCID^q e x p re s s e d  as  p o s i t i v e  log^g  o f  d i l u t i o n  p e r  0 .1  ml. 
'"No sanqiles ta k e n .
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s tu d ie d ,  m arked ly  d i f f e r e n t  r e s u l t s  w ere o b ta in e d  w i th  h e rp e s  s im p lex  
v i r u s  and v a c c i n i a  v i r u s .  The amount o f  v a c c i n i a  v i r u s  re c o v e re d  from 
open c u l t u r e s  was a s  much a s  100 t im es  l e s s  th a n  t h a t  r e c o v e re d  from 
c lo se d  c u l t u r e s .  No such  d i f f e r e n c e  was e v id e n t  i n  th e  c a se  o f  open 
and c lo se d  c u l t u r e s  in o c u la te d  w i th  h e rp e s  s im p le x  v i r u s .  T here  were 
no s i g n i f i c a n t  d i f f e r e n c e s  in  amounts o f  h e rp e s  s im p lex  v i r u s  produced 
i n  open c u l t u r e s  w i th  media c o n ta in in g  1, 5 ,  o r  10 nM T r i s .  T h is  was 
a l s o  th e  c a s e  w i th  v a c c in i a  v i r u s  i n  c o r re s p o n d in g  m edia . The e f f e c t  
o f  T r i s  on r e p l i c a t i o n  o f  v a c c in i a  v i r u s  i n  open o r  c lo se d  HeLa c e l l  
c u l t u r e s  i s  i l l u s t r a t e d * i n  F ig u re  6 ; th e  e f f e c t  o f  T r i s  on h e rp e s  s im ­
p le x  v i r u s  r e p l i c a t i o n  under s i m i l a r  c u l t i v a t i o n  c o n d i t io n s  i s  p r e ­
s e n te d  i n  F ig u re  7 ( d a t a  from T ab le s  22 and 23, r e s p e c t i v e l y ) .
The in f l u e n c e  o f  T r i s  i n  th e  medium on th e  i n f e c t i v i t y  o f  th e s e  
v i r u s e s  was s tu d i e d .  D u p l ic a te ,  s e r i a l  d i l u t i o n s  o f  HF h e rp e s  s im p lex  
v i r u s  and D v a c c in i a  v i r u s  w ere p re p a re d .  For each  v i r u s ,  one s e t  o f  
d i l u t i o n s  was made as u s u a l  w i th  DPBS-5; th e  second s e t  was made in  
DPBS-5 c o n ta in in g  10 nM T r i s .  The pH o f  th e  T r i s - c o n t a i n i n g  d i l u e n t  
was a d ju s t e d  t o  7 .2  w i th  0 .3  N HCl p r i o r  to  p r e p a r a t i o n  o f  th e  d i l u ­
t i o n s .  A f t e r  30 m inu tes  in c u b a t io n  a t  room te m p e ra tu r e ,  0 .1  ml volumes 
o f  th e  r e s p e c t i v e  v i r u s  d i l u t i o n s  w ere i n o c u la te d  to  r e p l i c a t e  tube  
c u l t u r e s  o f  HeLa c e l l s ,  and t i t r a t i o n s  were perfo rm ed  in  th e  r o u t i n e  
manner. The p re s e n c e  o f  T r i s  in  th e  v i r u s  d i l u e n t  d id  n o t  in f l u e n c e  
th e  i n f e c t i v i t y  o f  e i t h e r  v i r u s  (T ab le  2 4 ) .
In  e a r l i e r  s t u d i e s  w i th  T r i s - b u f f e r e d  medium, i n  which i t  was 
found t h a t  v a c c i n i a  v i r u s ,  b u t  n o t  h e rp e s  sinq>lex v i r u s ,  r e p l i c a t e s  to  












•: lubber mtoppered cultures (closed)
1 m  Trls 
5 aM Trls 
10 aH Trls 
20 aM Trls
^ J  O: Cotton plugged cultures (open)
1 aM Trls 
5 aM Trls
10 aM Trls #.,







F i g .  6 .  E f f e c t  o f  T r l s  o n  v a c c i n i a  v i r u s  ( D  s t r a i n )  p r o d u c t i o n  b y  H e L a  














•: Rubber stoppered cultures (closed)
1 m  Tris 
5 m  Iris 
10 oM Tris 
20 m  Tris 
o: Cotton plugged cultures (open)
1 iH  Tris 
5 (M Tris 
10 m  Tris 
20 m  Tris
Hours
F i g .  7 .  E f f e c t  o f  T r l s  o n  h e r p e s  s i m p l e x  v i r u s  ( H F  s t r a i n )  p r o d u c t i o n  
b y  H e L a  c e l l s  i n  o p e n  a n d  c l o s e d  c u l t u r e s .
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TABLE 24
EFFECT OF TRIS Œ  VIRUS INFECTIVITY IN HELA CELLS
V irus T r i s  10 nM* No T r i s
Herpes s in ç le x ^ 6.2= 6 .4
Herpes s im plex^ 6 .2 6 .4
V acc in ia^ 6 .6 6 .7
V a c c in ia ^ 6 .5 6 .5
^V irus  d i l u e n t  was D u lb e c c o 's  p h ospha te  b u f f e r e d  
s a l i n e  which c o n ta in e d  f i v e  p e r  c e n t  h e a t  i n a c t i v a t e d  
serum. T r i s  (10 mM) was added to  one d i l u e n t .
^HF s t r a i n ,  poo l # 4 .
^TCID^o e x p re s se d  as  p o s i t i v e  log^g  o f  d i l u t i o n  
p e r  0 .1  ml.
s t r a i n ,  poo l #1 .
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been  th e  manner In  w hich th e  c u l t u r e  tu b e s  had been c lo s e d ,  i . e . ,  w i th  
c o t to n  p lu g s  o r  ru b b e r  s to p p e r s .  The most obvious d i s t i n c t i o n  betw een 
th e s e  two ty p es  o f  c u l t u r e s  would be th e  d i f f e r e n c e  i n  gaseous exchange . 
I n  a  t i g h t l y  s e a le d  ( ru b b e r - s to p p e r e d )  c u l t u r e  any m e ta b o l i c a l ly -p ro d u c e d  
v o l a t i l e  su b s ta n c e  would accu m u la te .  When c u l t u r e s  w ere opened t o  th e  
norm al a tm o sp h er ic  c o n d i t io n s  such a s  was th e  c a se  w i th  c o t to n  p lu g s ,  
any gaseous su b s ta n c e  would r a p i d l y  d i f f u s e  i n t o  th e  su r ro u n d in g  e n v i ­
ronment .
E f f e c t  o f  Carbon D iox ide  D e f ic i e n c y  on C e l l u l a r  
P r o l i f e r a t i o n  and V iru s  R e p l i c a t io n
The n e x t  expe rim en ts  were d e s ig n e d  to  t e s t  t h e  e f f e c t  o f  CO2  
d e f i c i e n c y  on th e  growth o f  HeLa c e l l s ,  and on th e  r e p l i c a t i o n  o f  v a c ­
c i n i a  and h e rp e s  sinq>lex v i r u s e s  by HeLa c e l l s  i n  b i c a r b o n a te - d e p le t e d  
c u l t u r e s .  Four c u l t u r a l  c o n d i t io n s  w ere  co n ^ a red .  S e r i e s  o f  r e p l i c a t e  
HeLa c e l l  c u l t u r e s  were i n i t i a t e d  and m a in ta in e d  i n  th e  u s u a l  manner 
f o r  th e  f i r s t  48 h o u rs .  A f te r  a s p i r a t i o n  o f  th e  i n i t i a l  grow th medium, 
an  e x p e r im e n ta l  medium w hich c o n ta in e d  e i t h e r  20 nM b ic a r b o n a te  o r  
10 nM T r i s  was added t o  s e l e c t e d  groups o f  c u l t u r e s .  I n  e a r l i e r  s t u d i e s ,  
th e  10 nM c o n c e n t r a t i o n  o f  T r i s  was found to  be o p t im a l  f o r  pH c o n t r o l  
i n  c lo s e d  c u l t u r e s  w i th o u t  a d v e r s e ly  a f f e c t i n g  h o s t  c e l l  developm ent o r  
v i r u s  r e p l i c a t i o n .  A medium c o n ta in in g  20 nM b ic a r b o n a te ,  a l th o u g h  n o t  
o p t im a l  f o r  e i t h e r  grow th o f  c e l l s  o r  v i r u s  r e p l i c a t i o n ,  was chosen  fo r  
th e  p roposed  s tu d i e s  beca u se  i n  i t  pH v a lu e s  were m a in ta in e d  above 7 .0 .  
F u r th e rm o re ,  t h i s  c o n c e n t r a t i o n  o f  b ic a r b o n a te  was s i m i l a r  t o  t h a t  r o u ­
t i n e l y  used i n  v i r u s  m a in tenance  m edia .  A l l  c u l t u r e s  r e c e i v i n g  b i c a r ­
b o n a t e - b u f f e r e d  media w ere s e a le d  w i th  ru b b e r  s t o p p e r s .  S e ts  o f  s i m i l a r .
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T r i s - c o n t a i n i n g  c u l t u r e s  were in c u b a te d  a s  (a )  c lo se d  c u l t u r e s ,  (b) open 
c u l t u r e s ,  and (c )  c lo s e d  c u l t u r e s  w i th  a  KŒI t r a p  t o  ab so rb  m e t a b o l i c a l l y -  
p roduced  ca rbon  d i o x i d e .  Once th e s e  c o n d i t io n s  were e s t a b l i s h e d ,  a l l  
c u l t u r e s  were m a in ta in e d  on r o l l e r  drums a t  36 C f o r  th e  rem a in d er  o f  
th e  e x p e r im e n ts .  V ia b le  c e l l  c o u n ts  were d e te rm in ed  on two o r  t h r e e  
c u l t u r e s  d a i l y ,  and a t  th e  same tim e  th e  medium was changed on a l l  r e ­
m a in ing  tu b e s .  F o r t y - e i g h t  h ou rs  a f t e r  e x p e r im e n ta l  c o n d i t io n s  were 
begun , d i l u t e d  v i r u s  s u sp e n s io n s  w ere added to  a l l  c u l t u r e s  ex c e p t  th o s e  
o f  each  s e t  w hich w ere  l e f t  u n in f e c te d  i n  o rd e r  t h a t  v i a b l e  c e l l  c o u n ts  
c o u ld  be  c o n t in u ed  th ro u g h o u t  th e  s tu d y .  These ex p e r im en ts  u t i l i z e d  
two s t r a i n s  o f  h e rp e s  s im p lex  and two s t r a i n s  o f  v a c c in i a  v i r u s .  The 
amounts o f  v i r u s  u s e d ,  p lu s  methods used f o r  i n o c u l a t i o n ,  a d s o r p t io n ,  
and a s s a y  o f  v i r u s ,  w ere  s i m i l a r  t o  th o se  i n  e a r l i e r  e x p e r im e n ts .  D a ta  
c o n c e rn in g  growth and developm ent o f  HeLa c e l l s  p r i o r  to  i n s t i t u t i o n  o f  
e x p e r im e n ta l  c o n d i t io n s  a r e  p r e s e n te d  in  T ab le  23. One o f  th e  e x p e r i ­
ments i s  g r a p h i c a l l y  i l l u s t r a t e d  i n  F ig u re  8 .  From th e  number o f  v i a b l e  
c e l l s ,  i t  i s  e v id e n t  t h a t  i n i t i a l l y  th e  c u l t u r e s  deve loped  n o rm a l ly .
Once th e  e x p e r im e n ta l  c o n d i t io n s  w ere  i n s t i t u t e d  (T ab le  2 6 ) ,  c u l t u r e s  
grown i n  b i c a r b o n a te -  o r  T r i s - b u f f e r e d  media and in c u b a te d  i n  c lo sed  
system s c o n t in u e d  t o  d eve lop  n o rm a l ly .  In  T r i s - b u f f e r e d  c u l t u r e s  i n c u ­
b a te d  i n  open tu b e s  o r  i n  c lo s e d  tu b e s  w i th  CO2  t r a p s ,  th e  number o f  
c e l l s  d im in ish e d  a f t e r  24 h o u r s ,  b u t ,  t h e r e a f t e r ,  v i a b l e  c e l l  coun ts  
rem ained  c o n s ta n t  f o r  th e  d u r a t i o n  o f  th e  e x p e r im e n ts .  No s i g n i f i c a n t  
d i f f e r e n c e s  i n  v i a b l e  c e l l  c o u n ts  were no ted  betw een th e  open c u l t u r e s  
and th e  c lo s e d  c u l t u r e s  w i th  CO2  t r a p s .  I n  c u l t u r e s  i n  w hich  th e  c e l l s  
c o n t in u e d  to  grow i t  was im p o s s ib le  to  d i s t i n g u i s h  m o rp h o lo g ic a l ly
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TABLE 25
HELA, CELL DEVELOPMENT IN ŒOWTH MEDIUM^
Experim ent
Number
C e l l  Counts by Hours^
-48^ -24^ 0®
1 3 .5 3 .5 5 .8
2 3 .8 3 .7 6 .0
3 3 .8 3 .4 5 .6
4 4 .0 3 .9 6 .2
Minimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  
(HQl-M) was u s e d .  A l l  c u l t u r e s  i n i t i a t e d  i n  ru b b e r  
s to p p e re d  tu b e s .
^Hours b e f o r e  e x p e r im e n ta l  c o n d i t io n s
i n i t i a t e d .  
37 C.
^ C e l l s  in c u b a te d  i n  s t a t i o n a r y  c u l t u r e s  a t
^ C u l tu r e s  p la c e d  on r o l l e r  drum a t  36 C. 
^ E x p e r im en ta l  c o n d i t io n s  i n i t i a t e d .
^ C ell  c o u n ts  x 10^.
tu b b ar  sCopparad c u l t u r a l  ( c lo ia d )  
20  iM HCO3
tiM bar ito p p a r a d  c u l t u r a l  ( c lo ia d )  
10 Ml T r ia
Rubbar ito p p a r a d , CO, t r a p .
1 0  Ml T r l a
C o tto n  Itopparad  c u l tu r a l  (opan ). 









F i g .  8 .  G r o w t h  o f  H eL a  c e l l i  u n d e r  v a r y i n g  c o n d i t l o n i .
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TABLE 26
GROWTH OF HELA CELLS UNDER VARYING CONDITIONS IN MEM®
Closed*" Closed Closed Open‘d
Hours^ B ic a rb o n a te T r i s  10 mM T r i s  10 mM T r is  10 nM
20 mM COg Trap®
24 7 .9 ^ 7 .4 7 .4 7 .2
8 .2 8 .2 7 .8 8 .1
7 .6 7 .2 7 .2 6 .9
8 .6 8 .0 7 .9 7 .6
48 10 .0 11.1 7 .5 7 .3
9 .6 11.2 7 .2 7 .8
10.2 11.9 7 .6 8 .2
11.1 13.2 8 .4 8 .8
72 11.2 14 .0 7 .8 7 .8
12.1 13.5 7 .8 8 .2
12.3 14 .6 8 .0 8 .8
13 .0 15.1 8 .8 9 .2
96 13.1 18.1 8 .2 7 .5
14 .6 16.1 8 .2 8 .4
14 .2 17.3 7 .8 8 .5
14.9 17.8 8 .5 8 .9
120 14 .4 17.6 8 .0 8 .3
15 .8 17 .6 8 .6 8 .0
15.6 16 .8 8 .4 8 .3
16.2 18.2 8 .2 9 .0
144 14 .6 17 .2 7 .6 8 .0
16.2 18.2 7 .5 7 .8
17 .0 17 .4 8 .2 7 .4
16.8 18 .5 7 .6 8 .2
168 14 .4 17 .0 7 .5 7 .6
16 .8 18.5 8 .0 8 .0
17 .6 18.1 8 .2 7 .8
17 .0 18 .0 7 .1 7 .6
192 14 .8 16 .6 7 .0 6 .8
16 .5 17.8 7 .2 7 .2
16.8 17.6 7 .6 6 .5
17 .4 17.2 7 .2 7 .2
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TABLE 2 6 - -Continued
M inimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was u sed ,  
a l l  c u l t u r e s  in c u b a ted  on r o l l e r  drums a t  36 C.
^Hours a f t e r  e x p e r im e n ta l  c o n d i t io n s  w ere i n i t i a t e d .
^Rubber s to p p e re d  c u l t u r e s .
^Cotton plugged cultures.
^ P o ta ss iu m  h y d ro x id e  CO2  t r a p .
^ C e l l  coun ts  x 10^.
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betw een b ic a r b o n a te -  and T r i s - b u f f e r e d  c u l t u r e s .  S i m i l a r l y ,  th e  c e l l s  
o f  c u l t u r e s  In  which growth cea se d  cou ld  no t  be d i f f e r e n t i a t e d  morpho­
l o g i c a l l y .
I t  had been  no ted  e a r l i e r  t h a t  t h e r e  were d i f f e r e n c e s  in  th e  
c y t o p a th i c  e f f e c t s  produced by v i r u s  a c t i v i t y  i n  T r i s -  o r  b ic a r b o n a te -  
b u f f e r e d  m edia . U n in fec ted  HeLa c e l l s  grown in  c lo se d  c u l t u r e s  i n  a 
medium c o n ta in in g  20 mM b ic a r b o n a te  and in  a  medium c o n ta in in g  10 nM 
T r i s  a r e  shown i n  P l a t e  I .  S im i la r  c e l l s  grown in  10 nM T r i s  i n  an 
open c u l t u r e  a r e  a l s o  shown.
P l a t e  I I  p r e s e n t s  p ho tom icrog raphs  o f  HeLa c e l l s  in o c u la te d  
w i th  th e  two h e rp e s  s i n ^ l e x  v i r u s  s t r a i n s  and grown i n  c lo s e d  c u l t u r e s .  
I n  b i c a r b o n a t e - c o n ta in i n g  m ed ia ,  HP h e rp e s  s im p lex  v i r u s  produced  c h a ­
r a c t e r i s t i c  c y to p a th ic  ch an g es .  I n f e c t e d  HeLa c e l l s  ap p ea red  to  lo s e  
t h e i r  i n d i v i d u a l  i d e n t i t i e s  and merged t o  form la rg e  s y n c y t i a  and mul­
t i n u c l e a t e d  g i a n t  c e l l s ,  a s  d e s c r ib e d  by Gray e t  a l .  (1 9 5 8 ) .  I n  T r i s -  
b u f f e r e d  m edia , r e g a r d l e s s  o f  th e  c o n d i t io n s  o f  i n c u b a t io n ,  th e  i n f e c ­
te d  c e l l s  d id  n o t  lo s e  t h e i r  i n d i v i d u a l i t i e s ;  r a t h e r  th e  c e l l  o u t l i n e s  
ap p ea red  more d i s t i n c t  th a n  th e  n e ig h b o r in g  u n in f e c te d  c e l l s .  Forma­
t i o n  o f  g i a n t  c e l l s  and l a r g e  s y n c y t i a  was n o t  o b se rv e d .  The M s t r a i n  
o f  h e rp e s  s im p lex  v i r u s  p roduced  th e  p r o l i f e r a t i v e  ty p e  o f  CPE, w hich 
c o n s i s t e d  o f  a r e a s  o f  rounded ,  clumped c e l l s  w i th  a  t h r e e  d im en s io n a l  
e f f e c t  (Gray e t  a l . , 1958).  Very l i t t l e  change from t h i s  ty p e  o f  CPE 
was n o te d  i n  T r i s  m edia .
The ty p e  o f  CPE produced  by th e  D and 0 s t r a i n s  o f  v a c c in ia  
v i r u s  w ere  q u i t e  s i m i l a r .  P ho tom icrographs  o f  v a c c in ia  v i r u s - i n f e c t e d  
HeLa c e l l s  grown in  c lo se d  c u l t u r e s  in  a  b i c a r b o n a te - b u f f e r e d  medium
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PLATE I
UNINFECTED HELA CELLS CULTIVATED UNDER VARYING CONDITIONS
l a .  HeLa c e l l s  i n  E a g l e 's  minimum e s s e n t i a l  medium c o n ta in in g  
20 mM b ic a r b o n a te  in c u b a te d  fo r  fo u r  days a s  c lo s e d  c u l t u r e s  (X 120 ) .
I b .  HeLa c e l l s  i n  E a g le 's  minimum e s s e n t i a l  medium c o n ta in in g  
10 mM T r i s  in c u b a te d  f o r  fo u r  days a s  c lo se d  c u l t u r e s  (X 1 2 0 ) .
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PLATE I —C ontinued
I c .  HeLa c e l l s  i n  E a g l e ' s  minimum e s s e n t i a l  medium c o n ta in in g  
10 nM I r i s  in c u b a te d  fo r  fo u r  days  as  open c u l t u r e s  (X 120).
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PLATE I I
HELA CELLS INFECTED WITH HERPES SIMPLEX VIRUS
I l a .  C e l l s  I n f e c t e d  w i th  HF s t r a i n ,  m a in ta in e d  i n  E a g l e 's  m in i ­
mum e s s e n t i a l  medium c o n t a in in g  2 0  nM b ic a r b o n a te  and in c u b a te d  a s  c lo se d  
c u l t u r e s  f o r  two days (X 1 2 0 ) .
l i b .  C e lls  in fe c te d  w ith  HF s t r a in ,  m aintained in  E a g le 's  m in i­
mum e s s e n t ia l  medium co n ta in in g  10 oM T ris  and incubated as c lo se d  c u l ­
tu res  for  two days (X 1 2 0 ).
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PIATE II--C on tin u ed
l i e .  C e l l s  i n f e c t e d  w i th  H s t r a i n ,  m a in ta in e d  i n  E a g l e ' s  m in i ­
mum e s s e n t i a l  medium c o n t a in in g  20 mM b ic a r b o n a te  and in c u b a te d  as  
c lo s e d  c u l t u r e s  f o r  two days (X 1 2 0 ) .
I l d .  C e lls  in fe c te d  w ith  M s t r a in ,  m aintained  in  E a g le 's  m in i­
mum e s s e n t ia l  medium c o n ta in in g  10 nM T ris  and incubated  a s  c lo se d  c u l ­
tu res  fo r  two days (X 1 2 0 ).
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and In  a  T r i s - b u f f e r e d  medium a r e  shown i n  P l a t e  I I I .  I n  b ic a r b o n a te -  
c o n ta in in g  m ed ia ,  compact n o d u le s  formed ; th e  a r e a  o f  i n f e c t e d  c e l l s  
became d e n se ,  p i l e d  u p ,  and s loughed  o f f  o f  th e  g l a s s .  C o n v e rs e ly ,  in  
T r i s - b u f f e r e d  media th e  i n f e c t e d  a r e a s  w ere  n o t  com pressed , b u t  sp read  
o ver  w e l l  d e l i n e a t e d  a r e a s .  P la q u e s  formed and l a r g e  h o le s  i n  th e  c e l l  
s h e e t  were m i c r o s c o p ic a l ly  d i s c e r n a b l e .
The developm ent o f  th e  fo u r  v i r u s e s  i n  r e l a t i o n  to  th e  numbers 
o f  v i a b l e  c e l l s  c o n ta in e d  i n  conq>arable, u n in f e c te d  c u l t u r e s  i s  p re s e n te d  
i n  T ab les  27 to  30 . D a ta  from T ab le s  27 and 28 a r e  r e p r e s e n t e d  g r a p h i ­
c a l l y  i n  F ig u re s  9 and 10 f o r  D and 0 v a c c i n i a  v i r u s ,  r e s p e c t i v e l y .  Re­
s u l t s  show t h a t  o p t im a l  numbers o f  v i a b l e  c e l l s  and o p t im a l  v i r u s  t i t e r s  
w ere c o n s i s t e n t l y  o b ta in e d  i n  c lo s e d  c u l t u r e s .  V iru s  t i t e r s  and c e l l  
numbers w ere s i g n i f i c a n t l y  low er i n  c u l t u r e s  grown under  c o n d i t i o n s  o f  
CO2  d e f i c i e n c y ,  i . e . ,  i n  open c u l t u r e s  o r  c lo s e d  c u l t u r e s  w i th  CO2  t r a p s .
In  F ig u re  11 some o f  th e  d a t a  from T ab les  27 and 28 a r e  combined 
i n  o rd e r  to  v i s u a l i z e  b e t t e r  th e  s i m i l a r i t i e s  o f  b e h a v io r  o f  two s t r a i n s  
o f  v a c c in ia  v i r u s  under  th e  d i f f e r e n t  c o n d i t io n s  o f  i n c u b a t io n .  T h e i r  
s i g n i f i c a n t l y  red u ce d  t i t e r s  under  c o n d i t io n s  o f  CO2  d e f i c i e n c y  a l s o  
can  be n o te d .
R e s u l t s  w i th  th e  two s t r a i n s  o f  h e rp e s  s im p le x  v i r u s  a r e  shown 
i n  T ab les  29 and 30 and g r a p h i c a l l y  i l l u s t r a t e d  i n  F ig u re s  12, 13, and 
14. Both o f  th e s e  s t r a i n s  w ere s i m i l a r l y  a f f e c t e d  by v a r io u s  c o n d i t io n s  
o f  i n c u b a t io n .  C losed  c u l t u r e s  c r e a te d  o p t im a l  c o n d i t io n s  f o r  c e l l  r e ­
p l i c a t i o n  and v i r u s  p r o l i f e r a t i o n .  The s t r i k i n g  d i s s i m i l a r i t y  betw een 
th e  b e h a v io r  o f  t h e  h e rp e s  s im p le x  and th e  v a c c in i a  v i r u s e s  becomes 
a p p a re n t  upon ex a m in a t io n  o f  t h e  d a t a  co n c e rn in g  open c u l t u r e s  and c lo sed
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PLATE I I I  
CELLS INFECTED WITH VACCINIA VIRUS
I l i a .  C e l l s  I n f e c t e d  w i th  0 s t r a i n ,  m a in ta in e d  i n  E a g l e 's  m in i ­
mum e s s e n t i a l  medium c o n t a in in g  20 nM b ic a r b o n a te  and in c u b a te d  as  
c lo s e d  c u l t u r e s  fo r  two days (X 120 ) .
m b .  C e lls  in fe c te d  w ith  0 s t r a in ,  m aintained in  E a g le 's  m in i­
mum e s s e n t ia l  medium co n ta in in g  10 nM T ris  and incubated as c lo se d
c u ltu r e s  fo r  two days (X 1 2 0 ).
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TABLE 27
VACCINIA VIRUS (D STRAIN) PRODUCTION IN HELA CELLS
GROWN UNDER VARYING CONDITIONS
Hours®
C losed^  
B ic a rb o n a te  
20 nM
C losed  
T r l s  10 nM
C losed  
T r l s  10 nM 
CO2  TrapG
Openf 
T r l s  10 nM
0 TCID5o^ 0 . 8 0 . 6 1 . 2 1.2
cog 9 .6 1 1 . 2 7 .2 7 .8
1 2 TCID5 0 2 .4 2 .4 0 . 6 0 . 8
00 - • - -
24 TCID5 0 2 .5 2 . 8 1 .5 1 .5
CO 1 2 . 1 ' 1 3 .5 7 .8 8 . 2
36 TCID5 Q 3 .5 3 .6 1 . 8 2.2
CO - • - -
48 TCID5 0 3 .8 4 .2 2 . 6 2 .5
CO 14.6 16 .1 8.2 8 .4
60 TCID5 0 4 .3 4 .7 2.8 2.8
CO - - - -
72 TCID5 0 4 .5 5 .4 3 .2 3 .5
CO 15.8 1 7 .6 8.6 8.0
96 TCID5 0 5 .5 5 .4 3 .6 3 .8
CO 16.2 18 .2 7 .5 7 .8
120 TCID^O 5 .4 5 .8 4 .4 4 .5
CO 16.8 1 8 .5 8.0 8.0
*Hours a f t e r  e x p e r im e n ta l  c o n d i t i o n s  I n i t i a t e d .
^Rubber s to p p e re d  c u l t u r e s ,  
c c o t to n  p lugged  c u l t u r e s .
M inim um e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M) was u s e d .  
A l l  c u l t u r e s  In c u b a te d  a t  36 0 on r o l l e r  drum.
^ P o tass ium  h y d ro x id e  CO2  t r a p .
^TCID^q e x p re s s e d  as  p o s i t i v e  log^Q o f  th e  d i l u t i o n  p e r  0 . 1  m l. 
BCell co u n t x 10^.
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TABLE 28
VACCINIA VIRUS (0  STRAIN) PRODUCTION IN HELA CELLS
GROWN UNDER VARYING CONDITIONS
Hours*
Closed** 
B ic a rb o n a te  
20 nM
Closed 
T r i s  10 nM
Closed 
T r i s  10 nM 
CO2  Trap®
Open® 
T r i s  10 nM
0 TCIDso^ 0 . 6 0 .5 1 . 2 0 . 8
CC8 1 1 . 1 13.2 8 .4 8 . 8
1 2 TCID5 0 2 . 2 2 .5 0 . 8 1 . 0
CC - • - -
24 TCID^O 4 .2 3 .8 1 . 6 2 . 0
CC 1 3 .0 15.1 8 . 8 9 .2
36 TCID3 0 4 .4 4 .5 1 . 8 2 . 6
CC - - - -
48 TCID5 0 4 .6 4 .8 2 .4 2 .5
CC 14.9 17.8 8 .5 8 .9
60 TCID^O 5 .2 5 .2 2 . 6 2 . 8CC
72 TCID5 0 5 .4 5 .5 3 .2 3 .5
CC 16 .2 18.2 8 . 2 9 .0
96 TCID^q 6 .5 5 .8 3 .5 3 .8
CC 16 .8 18.5 7 .6 8 . 2
1 2 0 TCID5 0 6 . 8 6 .3 4 .6 4 .8
CC 17 .0 18.0 7 .1 7 .6
*Hours a f t e r  e x p e r im e n ta l  c o n d i t io n s  i n i t i a t e d .
^Rubber s to p p e re d  c u l t u r e s .
^ C o tto n  p lugged  c u l t u r e s .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M) was u sed .  
A l l  c u l t u r e s  in c u b a te d  on r o l l e r  drum a t  36 C.
^ P o ta ss iu m  h y d ro x id e  COg t r a p .
^TCID^q e x p re s s e d  a s  p o s i t i v e  log^g  o f  t h e  d i l u t i o n  p e r  0 . 1  m l. 
8 C e l l  coun t x 10^.
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TABLE 29
HERPES SIMPLEX VIRUS (HF STRAIN) PRODUCTION IN HELA CELLS
CROWN UNDER VARYING CONDITIONS
Hours*
Closed** 
B ic a rb o n a te ^  
20 mM
Closed 
T r i s  10 nM
Closed 
T r i s  10 nM 
CO2  Trap®
Open‘d 
T r i s  10 nM
0 TCIDio^ 0 . 6 0 . 6 1 . 2 0 . 8
CC8 1 0 . 0 1 1 . 1 7 .5 7 .3
1 2 TCID5 0 1 . 6 2 . 2 1 . 2 1 .5
CC - - - -
24 TCID^o 3 .2 3 .8 3 .5 3 .4
CC . 1 1 . 2 14 .0 7 .8 7 .8
36 TCID5 0 4 .3 4 .6 4 .4 4 .2
CC - - - -
48 TCID5 0 5 .2 5 .5 5 .6 5 .2
CC 13.1 16 .1 8 . 2 7 .5
60 TCID5 0 5 .6 6 .4 6 . 6 6 . 2
CC - - - -
72 TCID5 0 5 .8 6 . 8 6 .5 6 . 2
CC 14.4 17.6 8 . 0 8 .3
^Hours a f t e r  e x p e r im e n ta l  c o n d i t io n s  i n i t i a t e d .
R u b b e r  s to p p e re d  c u l t u r e s .  
cC o tto n  p lugged  c u l t u r e s .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was u se d .  
A l l  c u l t u r e s  in c u b a te d  on r o l l e r  drum a t  36 C.
^Po tass ium  h y d ro x id e  CO2  t r a p .
^TCID^O e x p re s s e d  a s  p o s i t i v e  log^g  o f  th e  d i l u t i o n  p e r  0 . 1  ml. 
S C e ll  co u n t x 10^.
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TABLE 30
HERPES SIMPLEX VIRUS (M STRAIN) PRWUCTION IN HELA CELLS
GROWN UNDER VARYING CONDITIONS
Hours®
C losed^  , 
B ic a rb o n a te  
20 nM
Closed  
T r i s  10 nM
C losed  
T r i s  10 nM 
CO2  Trap®
Open® 
T r i s  10 nM
0 TCID50^ 1 . 0 1 . 2 1 .4 1 . 2
CC8 1 0 . 2 11.9 7 .6 8 . 2
1 2 TCID5 0 2 . 2 2 .4 2 . 2 1 . 8
CC - - - -
24 TCID5 0 3 .8 4 .2 4 .2 3 .6
CC 12.3 14 .6 14 .6 8 . 8
36 TCID5 0 4 .4 4 .8 4 .8 4 .2
CC - - - -
48 TCID5 0 5 .8 5 .6 5 .6 5 .5
CC 14.2 17.3 7 .8 8 .5
60 TCID5 0 6 . 2 6 .4 6 .4 5 .8
CC - - - -
72 TCID5 0 6 . 8 6 . 8 6 .5 6 .4
CC 15.6 16 .8 8 .4 8 .3
96 TCID5 0 6 .5 6 .4 6 . 6 6 .4
CC 17 .0 17 .4 8 . 2 7 .4
*Hours a f t e r  e x p e r im e n ta l  c o n d i t io n s  i n i t i a t e d .
^Rubber s to p p e re d  c u l t u r e s .
^C o tto n  p lugged  c u l t u r e s .
^Minimum e s s e n t i a l  medium (E a g le ) -m o d if ie d  (MEM-M) was u sed .
A l l  c u l t u r e s  in c u b a te d  on r o l l e r  drum a t  36 C.
^P o tass iu m  h y d ro x id e  CO2  t r a p .
^TCID^q e x p re s se d  a s  th e  p o s i t i v e  log^Q o f  th e  d i l u t i o n  p e r  0 . 1  ml,















• :  V i r u s  P r o d u c t i o n
• i i i i i i i i i :  C l o s e d  c u l t u r e s
2 0  oM HCO3  
tm a : C l o s e d  c u l t u r e s
1 0  nM  T r l s  
n ^ n a i :  C l o s e d  c u l t u r e s
CO 2  t r a p  
1 0  s M  T r l s
^  ^  Æ t \  O p e n  c u l t u r e s  
1 0  oM T r l s
f  O :  c e l l  C o u n t
U  ............... .. C l o s e d  c u l t u r e s
I  y  2 0  nM HCO3
^  #  m  wm tm  mr C l o s e d  c u l
i n  ^  t s - i  o
t u r e s  
1 0  nM  T r l s  
C l o s e d  c u l t u r e s
‘' i f  1 '  CO 2  t r a p
Â  f  ^  Æ Æ Æ\ O p e n  c u l t u r e s









' 24 ' 48 ' ' 96 ' lA)
H o u r s
F i g .  9 .  V a c c i n i a  v i r u s  ( D  s t r a i n )  p r o d u c t i o n  I n  H e L a  c e l l s  g r o w n  u n d e r  
v a r y i n g  c o n d i t i o n s .
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• :  V i r u s  P r o d u c t i o n
• i i i i i i i i ;  C l o s e d  c u l t u r e s  itti*'*'*
2 0  s M  HCO3
C l o s e d  c u l t u r e s  ^
1 0  =M T r l s  ^
M i a M S  C l o s e d  c u l t u r e s  
CO2  t r a p  
1 0  sM  T r l s  
O p e n  c u l t u r e s  




O :  C e l l  C o u n t
#  _  / ^ ^ s #  i i i i i i i i c  C l o s e d  c u l t u r e s
2 0  bM  HCO3  
C l o s e d  c u l t u r e s  
1 0  nM  T r l s  
i h h i :  C l o s e d  c u l t u r e s
CO2  t r a p  
1 0  mM T r l s
J 6
^  O p e n  c u l t u r e s
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Hours
F i g .  1 0 .  V a c c i n i a  v i r u s  ( 0  s t r a i n )  p r o d u c t i o n  I n  H e L a  c e l l s  g r o v n  u n d e r  
v a r y i n g  c o n d i t i o n s .
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0  v a c c i n i a  v i r u s
—  : C l o s e d  c u l t u r e s
1 0  mM T r i s  
• C l o s e d  c u l t u r e s
C O 2  t r a p  
1 0  n M  T r i s  
■ ;  O p e n  c u l t u r e s  













D v a c c i n i a  v i r u s
   C l o s e d  c u l t u r e s
1 0  mM T r i s  
—  — : C l o s e d  c u l t u r e s  
C O 2  t r a p  
1 0  mM T r l s  
:  O p e n  c u l t u r e s
1 0  mM T r i s
96 120
Fig. 11. A comparison of the production of D stra in  vaccinia virus and




• :  V i r u s P r o d u c t i o n - 1 4 ^
i i i i i i i i i : C l o s e d  c u l t u r e s X
2 0  nM  HCO3
C l o s e d  c u l t u r e s 5
1 0  nM  T r i s 1
C l o s e d  c u l t u r e s u
CO 2  t r a p #4
1 0  nM  T r i s H 2 ®
y /  /  /  : O p e n  c u l t u r e s  
1 0  nM  T r i s
O :  C e l l  C o u n t
I I I I I I I I I : C l o s e d  c u l t u r e s  
2 0  nM  HCO3
C l o s e d  c u l t u r e s
1 0  nM  T r i s
- 1 0
■  : C l o s e d  c u l t u r e s  
CO2  t r a p  
1 0  nM  T r i s
^  jr  ^  ^  \ O p e n  c u l t u r e s  
1 0  nM  T r i s
----------------- o ' ' ' ' '




H o u r s
F i g .  1 2 .  H e r p e s  s l n ç l e x  v i r u s  ( H F  s t r a i n )  p r o d u c t i o n  i n  H e L a  c e l l s  g r o w n  
u n d e r  v a r y i n g  c o n d i t i o n s .
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i; V i r u s  P r o d u c t i o n
C l o s e d  c u l t u r e s  
2 0  nM HCO3  
'  mm mrA: C l o s e d  c u l t u r e s
1 0  bdM T r l s  
C l o s e d  c u l t u r e s  
CO 2  t r a p  
1 0  sM  T r l s  
O p e n  c u l t u r e s  










O :  C e l l  C o u n t
I I I I I I I I I :  C l o s e d  c u l t u r e s
2 0  nM HCO3  
m  m  m ‘ C l o s e d  c u l t u r e s  
1 0  nM T r l s  
C l o s e d  c u l t u r e s  
C O 2  t r a p  
1 0  cM  T r l s  
O p e n  c u l t u r e s  










F i g .  1 3 .  H e r p e s  s i m p l e x  v i r u s  (M s t r a i n )  p r o d u c t i o n  I n  H e L a  c e l l s  g r o w n  
u n d e r  v a r y i n g  c o n d i t i o n s .
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I H F  h e r p e s  s i m p l e x  v i r u s ; C l o s e d  c u l t u r e s
1 0  mM T r i s  
C l o s e d  c u l t u r e s  
C O 2  t r a p  
1 0  mM T r i s  
— : O p e n  c u l t u r e s




Fig. 14. A comparison of the production of HF strain herpes simplex virus
and M strain herpes simplex virus in HeLa cells grown in open and
closed cultures.
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c u l t u r e s  w i th  p o ta ss iu m  h y d ro x id e  t r a p s .  F ig u re  15 d e p i c t s  th e  t i t e r s  
o f  D v a c c in ia  and HF h e rp e s  s im p lex  v i r u s e s  In  c lo s e d  c u l t u r e s ,  c lo s e d  
c u l t u r e s  p lu s  p o ta s s iu m  h y d ro x id e  t r a p s , and open c u l t u r e s  In  w hich 
t h e r e  was f r e e  gaseous exchange between th e  c u l t u r e  and th e  s u r ro u n d in g  
e n v iro n m en t.  Under th e  c o n d i t io n s  o f  COg d e p l e t i o n ,  th e  p r o d u c t io n  o f  
h e rp e s  slnq>lex v i r u s  c o n t in u e d  u n in h i b i t e d  w hereas  t i t e r s  o f  v a c c i n i a  
v i r u s  were c o n s id e r a b ly  re d u c e d .
I t  had been  e s t a b l i s h e d  t h a t  e i t h e r  c r e a t i n g  a  d e f i c i e n c y  o f  
COg by th e  I n c l u s i o n  o f  a  p o ta s s iu m  h y d ro x id e  t r a p  In  c lo s e d  c u l t u r e s ,  
o r  an  open a tm osphere  by s u b s t i t u t i n g  c o t to n  p lu g s  f o r  ru b b e r  s to p p e r s  
r e s u l t e d  In  c e s s a t i o n  o f  HeLa c e l l  m u l t i p l i c a t i o n .  Chang (1959) c o n ­
c lu d ed  t h a t  HeLa c e l l s  were a d v e r s e ly  a f f e c t e d  by CO2  d e p l e t i o n  c r e ­
a t e d  by u se  o f  th e  p o ta s s iu m  h y d ro x id e  t r a p .  T h is  t r e a tm e n t  o f  c u l ­
t u r e s ,  which w ere I n f e c t e d  w i th  v a c c in i a  v i r u s  s t r a i n s ,  r e s u l t e d  In  
d im in ish e d  v i r u s  t i t e r s  compared w i th  th o s e  o f  c lo s e d  c u l t u r e s .  In  
th e  p r e s e n t  s t u d i e s  h e rp e s  s im p lex  v i r u s  t i t e r s  were n o t  a d v e r s e ly  
a f f e c t e d  by th e s e  c o n d i t io n s  o f  i n c u b a t io n .  S in c e  c r e a t i n g  CO2  d e f i ­
c i e n c y  by th e  s u b s t i t u t i o n  o f  c o t to n  p lu g s  fo r  ru b b e r  s to p p e r s  was a 
much l e s s  complex p ro c e d u re  th a n  th e  use  o f  a CO2  t r a p ,  th e  form er 
method was chosen  fo r  u se  i n  th e  n ex t  e x p e r im e n ts .  I f  th e s e  ob se rv ed  
d i f f e r e n c e s  i n  th e  p ro d u c t io n  o f  v a c c in i a  v i r u s  w ere due to  CO2  d e p l e ­
t i o n  th e r e  sh o u ld  be a  c o r r e l a t i o n  between th e  amount o f  v i r u s  p r o ­
duced and th e  tim e th e  c u l t u r e s  w ere c o t to n  p lugged  r e l a t i v e  t o  th e  









H F  h e r p e s  s i m p l e x  v i r u s  
C l o s e d  c u l t u r e s  
1 0  o M  T r i s  
C l o s e d  c u l t u r e s  
C O 2  t r a p  
1 0  mM T r i s  
O p e n  c u l t u r e s  
1 0  n M  T r i s
3^
D v a c c i n i a  v i r u s
C l o s e d  c u l t u r e s  
1 0  n M  T r i s  
C l o s e d  c u l t u r e s  
C O 2  t r a p  
1 0  n M  T r i s  
O p e n  c u l t u r e s  
1 0  n M  T r i s
Hours
Fig. 15. A comparison of the production of D strain vaccinia virus and
HF strain herpes simplex virus in HeLa cells grown in open and
closed cultures.
112
V irus  R e p l i c a t i o n  In  C o tto n  S toppered  HeLa C e l l  
C u l tu r e s  In  R e l a t i o n  to  Time When 
CO? D e f ic ie n c y  Was Produced
R e p l i c a t e  c u l t u r e s  were e s t a b l i s h e d  as  u s u a l  In  MEM-M c o n t a i n ­
in g  10 nM b ic a r b o n a t e .  A f t e r  24 h ou rs  a s  s t a t i o n a r y  c u l t u r e s  a t  37 C, 
th e  medium was changed to  MEM-M c o n t a in in g  10 mM T r l s ,  and th e  ru b b e r  
s to p p e r s  o f  one s e t  w ere r e p la c e d  by c o t t o n  p lu g s .  A l l  c u l t u r e s  were 
p la c e d  on r o l l e r  drums a t  36 C fo r  th e  rem a inder  o f  th e  s tu d y  ; v i a b l e  
c e l l  c o u n ts  w ere perfo rm ed  and th e  medium was changed d a l l y .  Second 
and t h i r d  s e t s  o f  c u l t u r e s  w ere c o t to n  p lugged  a t  48 and 24 h o u rs  b e fo re  
t h e  v i r u s e s  were a d d e d . A f o u r th  s e t  was c o t to n  p lugged  a t  z e ro  tim e 
when th e  c e l l s  were I n f e c t e d  w i th  v a c c i n i a  o r  h e rp e s  s im p lex  v i r u s .  A 
f i n a l  c o n t r o l  s e t  was c o n t in u e d  a s  c lo s e d  c u l t u r e s  th ro u g h o u t  th e  s tu d y .  
C e l l  c o u n ts  were perfo rm ed  d a l l y  on u n in f e c te d  c u l t u r e s  In  each  s e t  and 
sam ples  w ere ta k en  from I n f e c t e d  c u l t u r e s  a t  d e s ig n a te d  I n t e r v a l s  f o r  
a s s a y  o f  I n f e c t i o u s  v i r u s  p a r t i c l e s .
F ig u re  16 I l l u s t r a t e s  th e  t im e needed fo r  I n h i b i t i o n  o f  HeLa 
c e l l  grow th I n  open c u l t u r e s .  A f te r  t h e  I n s e r t i o n  o f  th e  c o t t o n  p lu g s  
a p e r io d  o f  24 hours  was n e c e s s a r y  b e f o r e  normal g row th  o f  c e l l s  was 
I n t e r r u p t e d .  The l e v e l  a t  w hich th e  t o t a l  number o f  c e l l s  became s t a t i c  
ap p ea red  d ependen t on th e  le n g th  o f  t im e  which e la p s e d  betw een th e  
s e e d in g  o f  th e  c u l t u r e s  and th e  I n s e r t i o n  o f  th e  c o t to n  p lu g s .  T ab les  
31 and 32 p r e s e n t  th e  t i t e r s  o f  two v a c c i n i a  v i r u s e s  and v i a b l e  c e l l  
c o u n ts  o f  c o r re s p o n d in g  u n in f e c te d  c u l t u r e s  which were c o t to n  p lugged  
a t  d i f f e r e n t  tim e I n t e r v a l s  a f t e r  I n f e c t i o n .  The r e p l i c a t i o n  o f  th e  
v a c c i n i a  v i r u s e s  I s  d e p i c te d  In  F ig u re s  17 and 18. S im i la r  grow th p a t ­
t e r n s ,  maximum c e l l u l a r  developm ent and v i r u s  t i t e r s  were p roduced  w i th
:  R u b b a r  m c o p p e r  a d  ( c l o i a d ) .
O» —  C oC C on ■ c o p p a c a d  a t  t l a a  o f  v i r a l  a d a o r p c l o n .
C o t t o n  a t o p p a r a d  2 4  h o u r s  b a f o r a  v i r a l  a d s o r p t i o n .
C o t t o n  s t o p p e r a d  4 8  h o u r s  b a f o r a  v i r a l  a d s o r p t i o n .







H o u r s
w
Fig. 16. Variation In the growth of HeLa cells In cotton stoppered cultures 
In relation to the time when a CO^ deficiency was produced.
TABLE 31
TIME AT WHICH CREATING AN OPEN SYSTEM AFFECTS REPLICATION
OF VACCINIA VIRUS (D STRAIN) IN HELA CELLS




a f t e r  a d s o r p t i o n  when v i r u s  










1 2 . 2
1 .5 2 . 2 2 . 6
13.6
3 .4 4 .2
15.5






Opened^ 72 h ou rs  





0 .4 0 .5 1 . 0
7 .5
1 . 6 2 .4
7 .8






Opened 48 h ou rs  





0 .4 0 . 8 1 . 2
9 .0
1.5 2 . 2
8 .5






Opened 24 h ou rs  





0 . 8 1 . 2 1 . 8
11.7
2 . 2 2 .5
10.9
3 .0 3 .4




1 0 . 1
Opened a t  tim e 




1 2 . 2
1 . 8 2 . 2 2 .5
12.9
2 .4 2 .4
11.7
3 .2 3 .2
11.9
4 .4
1 1 . 0
4 .5
1 0 . 6
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M). T r l s  10 mM was u se d .  
I n c u b a te d  a t  36 C on r o l l e r  drum.
^Rubber s to p p e re d  c u l t u r e s .
c C o t to n  p lu g s  s u b s t i t u t e d  f o r  ru b b e r  s to p p e r s .
‘^ TCID^q e x p re s s e d  a s  p o s i t i v e  log^ ^  o f  th e  d i l u t i o n  p e r  0 . 1  ml.
®Cell coun t x  1 0 ’
A l l  c u l t u r e s
ITABLE 32
TIME AT WHICH CREATING AN OPEN SYSTEM AFFECTS REPLICATION
OF VACCINIA VIRUS (0 STRAIN) IN HELA CELLS
Growth C o n d it io n s *
Hours
0
a f t e r  a d s o r p t i o n  when v i r u s  sam ples were ta k e n  
6  12 24 36 48 72 96 1 2 0
Closed^ 0 . 8
1 2 . 1
1 .5 2 .5 4 .2
1 4 .0








Opened*^ 72 hours  
b e fo re  v i r u s
0 . 8
8 . 6
0 .5 1 . 2 1 . 8
8 .5








Opened 48 h ou rs  





0 . 6 1 . 2 2 . 0
9 .2








Opened 24 h o u rs  
b e fo re  v i r u s
0 .5
1 1 . 2
1.7 2 . 0 2 . 2
1 1 . 8
2 .5 2 . 6
10 .9
3 .4
1 0 . 0
3 .8
9 .6 9 .8
Opened a t  tim e 




1 2 . 1
1 .5 2 . 2 2 . 6
13.5





1 2 . 6
5 .0
11.9
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M). T r l s  10 mM was u sed ,  
c u l t u r e s  In c u b a te d  a t  36 C on r o l l e r  drum.
’^Rubber s to p p e re d  c u l t u r e s .
^ C o tto n  p lu g s  s u b s t i t u t e d  f o r  ru b b e r  s t o p p e r s .
^TCIDjq e x p re s s e d  as  p o s i t i v e  log^ ^  o f  th e  d i l u t i o n  p e r  0 . 1  ml.
















Rubber eCoppered (c loeed) .
Cotton stoppered e t  t ie#  of v i r e l  adsorption.
Cotton stoppered 24 hours before v i r e l  adsorption.
Cotton stoppered 48 hours before v i r e l  adsorption.




Fig . 17. The production  of v a c c in ia  v i ru s  (D s t r a i n )  in  HeLa c e l l s  grown 





R u b b e r  s t o p p e r e d  ( c l o s e d ) .
C o t t o n  s t o p p e r e d  a t  t i m e  o f  v i r a l  a d s o r p t i o n .
C o t t o n  s t o p p e r e d  2 4  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n .
C o t t o n  s t o p p e r e d  4 8  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n .
C o t t o n  s t o p p e r e d  7 2  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n .
O '
Hours
F i g .  1 8 .  T h e  p r o d u c t i o n  o f  v a c c i n i a  v i r u s  ( 0  s t r a i n )  i n  H e L a  c e l l s  g r o w n  
i n  c o t t o n  s t o p p e r e d  c u l t u r e s  f o r  v a r y i n g  l e n g t h s  o f  t i m e .
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th e  two v a c c in i a  v i r u s e s  in  c lo s e d  c u l t u r e s .  I n  c u l t u r e s  exposed to  
a tm o sp h e r ic  c o n d i t io n s  72 and 48 hours  b e f o r e  th e  c e l l s  w ere  i n f e c t e d ,  
no d i f f e r e n c e  was a p p a r e n t  i n  t o t a l  v i r u s  c o n t e n t ,  a l th o u g h  s l i g h t  d i f ­
f e r e n c e s  i n  v i a b l e  c e l l  c o u n ts  w ere  e v i d e n t .  The v i r u s  t i t e r s  produced  
i n  open c u l t u r e s  w ere  a lm o s t 1 0 0  t im es  l e s s  th a n  th o se  o b ta in e d  in  
c lo s e d  c u l t u r e s .  W ith in  24 h o u rs  a f t e r  i n f e c t i o n  th e  c u l t u r e s  exposed 
to  normal a tm o sp h e r ic  c o n d i t io n s  a t  the  tim e o f  v i r u s  i n o c u l a t i o n  p r o ­
duced amounts o f  i n f e c t i o u s  v i r u s  com parable t o  th o se  c u l t i v a t e d  in  
c lo se d  c u l t u r e s .  When c u l t u r e s  w ere  opened f o r  24 h o u rs  b e f o r e  i n f e c ­
t i o n ,  t o t a l  i n f e c t i o u s  v i r u s  c o n t e n t  was in t e r m e d ia te  t o  th o s e  i n  c lo s e d  
c u l t u r e s  and in  c u l t u r e s  opened 48 to  72 h o u rs  b e fo r e  th e  i n t r o d u c t i o n  
o f  th e  v i r u s .
From th e  d a t a  i n  T ab les  33 and 34, w hich a r e  g r a p h i c a l l y  d e p ic te d  
in  F ig u re s  19 and 20, no d i f f e r e n c e s  w ere e v id e n t  among v i r u s  t i t e r s  p r o ­
duced by h e rp e s  sinq>lex s t r a i n s  i n  c lo se d  c u l t u r e s  o r  i n  th o s e  opened to  
th e  a tm osphere  a t  any tim e b e f o r e  i n f e c t i o n .
V irus  A d so rp t io n  S tu d ie s
I n  a l l  o f  th e  e x p e r im en ts  p r e v io u s l y  d e s c r ib e d ,  c o n t r o l s  were 
in c lu d e d  i n  o rd e r  to  d e te rm in e  how much v i r u s  was ad so rb ed  by HeLa c e l l s .  
At th e  t im e  t h a t  c u l t u r e s  w ere i n o c u la te d  w i th  v i r u s ,  com parab le  amounts 
o f  v i r u s  w ere added to  c l e a n ,  s t e r i l e  c u l t u r e  tu b e s .  These  c o n t r o l  
tu b es  w ere  hand led  i n  th e  same manner as  th e  c e l l  c u l t u r e s  d u r in g  th e  
p e r io d  o f  a d s o r p t i o n .  At th e  end o f  t h i s  p e r i o d ,  th e  unadsorbed  v i r u s  
was c o l l e c t e d  from th e  c o n t r o l  tu b e s  which c o n ta in e d  no c e l l s  and from 
th e  tu b e s  c o n ta in in g  c e l l  c u l t u r e s ,  and each  sample was a s sa y e d  fo r
TABLE 33
TIME AT WHICH CREATING AN OPEN SYSTEM AFFECTS REPLICATION
OF HERPES SIMPLEX VIRUS (HF STRAIN) IN HELA CELLS
Growth C o n d i t io n s*
Hours a f t e r  a d s o r p t i o n  when v i r u s  sam ples were ta k en  
0 12 24 36 48 60 72 96
C losed^ 1 . 2
13.1
1 . 8 3 .8
14.6
4 .8 5 .6
17.1




Opened* 72 hours  





1 . 2 3 .2
8 . 0
4 .4 5 .3
7 .7




Opened 48 h o u rs  





1 .5 3 .6
9 .9
4 .2 5 .2
1 0 . 1




Opened 24 h o u rs  






1 2 . 1
4 .5 5 .2
11.5
5 .6 5 .8
1 1 . 6
5 .4
1 1 . 2
Opened a t  tim e 





1 .4 3 .5
13.9
4 .5 4 .8
13.2
6 . 2 5 .8
1 2 . 8
5 .8
1 2 . 2
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M). T r i s  10 mM was u sed ,  
c u l t u r e s  in c u b a te d  a t  36 C on r o l l e r  drum.
^Rubber s to p p e re d  c u l t u r e s .
^ C o tton  p lu g s  s u b s t i t u t e d  f o r  ru b b e r  s to p p e r s .
^TCIOgo e x p re s s e d  as  p o s i t i v e  log^g  o f  th e  d i l u t i o n  p e r  0 . 1  m l.
^ C e l l  coun t x 10^
A l l
TABLE 34
TIME AT WHICH CREATING AN OPEN SYSTEM AFFECTS REPLICATION
OF HERPES SIMPLEX VIRUS (M STRAIN) IN HELA CELLS




a f t e r  a d s o r p t i o n  when v i r u s  





ta k e n
96 1 2 0
C losed^ TCIDcnd 0 .4 0 .5 2 . 0 3 .3 4 .3 5 .5 . 6 . 2 5 .8 4 .7
CC* 11.7 - - 12.9 - 14.2 - 16 .0 17.1 17.9
Opened^ 72 h o u rs TCID5 0 0 . 6 0 .3 1 .5 2 .7 3 .3 5 .4 - 5 .8 5 .5 4 .5
b e f o r e  v i r u s CC 8 . 2 - - 8 . 0 - 7 .9 - 8 . 2 7 .5 7 .1
Opened 48 h ou rs TCID5 0 0 . 6 0 . 8 1 .5 3 .0 4 .0 5 .4 - 5 .6 5 .2 4 .7
b e f o r e  v i r u s CC 9 .4 - - 9 .5 - 9 .8 - 9 .1 8 .7 8 . 2
Opened 24 h ou rs TCID5 0 0 . 8 0 .5 1 .4 2 . 8 3 .7 5 .6 - 6 . 2 5 .6 5 .2
b e f o r e  v i r u s CC 11.9 - - 1 0 . 8 - 10.5 - 1 0 . 1 1 0 . 2 9 .8
Opened a t  tim e TCID5 0 0 . 8 0 .3 1 . 2 2 .7 3 .5 5 .3 . 5 .6 5 .6 4 .6
v i r u s  added CC 11.7 1 2 . 0 11.7 - 10.5 1 0 . 1 10.4
N9o
^Minimum e s s e n t i a l  medium (E a g le ) -m o d i f ie d  (MEM-M). T r i s  10 mM was u se d ,  
in c u b a te d  a t  36 C on r o l l e r  drum.
A l l  c u l t u r e s
Robber s to p p e re d  c u l t u r e s .
'C o t to n  p lu g s  s u b s t i t u t e d  f o r  r u b b e r  s t o p p e r s .
TCID^n e x p re s s e d  as  p o s i t i v e  log^^  o f  th e  d i l u t i o n  p e r  0 . 1  ml'50

















Rubber stoppered  (c lo s e d ) .
Cotton stoppered a t  time of v i r a l  adsorption.
Cotton stoppered 24 hours before v i r a l  adsorption.
Cotton stoppered 48 hours before v i r a l  adsorption.
Cotton stoppered 72 hours before v i r a l  adsorption.
72
Hours
Fig. 19. The production of herpes simplex virus (HF strain) in HeLa cells
grown in cotton stoppered cultures for varying lengths of time.
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R u b b e r  s t o p p e r e d  ( c l o s e d ) .
C o t t o n  s t o p p e r e d  a t  t i m e  o f  v i r a l  a d s o r p t i o n .
C o t t o n  s t o p p e r e d  2 4  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n
C o t t o n  s t o p p e r e d  4 8  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n
C o t t o n  s t o p p e r e d  7 2  h o u r s  b e f o r e  v i r a l  a d s o r p t i o n
48
Hours
Fig. 20. The production of herpes simplex virus (M strain) in HeLa cells
grown in cotton stoppered cultures for varying lengths of time.
123
I n f e c t i o u s  v i r u s .  D i f f e r e n c e s  between th e  amount o f  v i r u s  i n  th e  i n o ­
culum and th e  amount o f  v i r u s  i n  th e  c o n t r o l  tu b es  a f t e r  a d s o r p t i o n  was 
presumed to  be due to  i n a c t i v a t i o n  o f  v i r u s  d u r in g  th e  a d s o r p t i o n  p e r ­
io d .  D i f f e r e n c e  between th e  amount o f  v i r u s  i n  th e  c o n t r o l  tu b e s  and 
th e  amount o f  r e s i d u a l  v i r u s  removed from c e l l  c u l t u r e s  a f t e r  th e  a d s o rp ­
t i o n  p e r io d  was presumed to  be  th e  amount o f  v i r u s  adsorbed  by th e  c e l l s  
under e x p e r im e n ta l  c o n d i t i o n s .  S ince  i t  was p o s t u l a t e d  t h a t  T r i s  might 
enhance a d s o r p t i o n  o f  v i r u s  ( P o r t e r f i e l d  and A l l i s o n ,  1960), an  a d d i ­
t i o n a l  s tu d y  was made to  d e te rm in e  i f  t h e r e  w ere any d e t e c t a b l e  d i f f e r ­
ences  i n  a d s o r p t i o n  o f  v i r u s  t o  HeLa c e l l  c u l t u r e s  i n  b ic a r b o n a t e -  and 
T r i s - c o n ta in in g  m ed ia .  R e p l i c a t e  tube  c u l t u r e s  w ere i n i t i a t e d  and in c u ­
b a te d  f o r  48 h o u rs  i n  th e  r o u t i n e  manner. A f t e r  48 h o u rs  th e  b i c a r b o n ­
a t e - c o n t a i n i n g  MEM-M was d i s c a r d e d  from a l l  b u t  one s e t  o f  c u l t u r e s  and 
r e p la c e d  w i th  MEM-M c o n t a in in g  10 sM T r i s  and d ia ly z e d  c a l f  serum . The 
b ic a r b o n a te  c o n t r o l  s e t  was m a in ta in e d  i n  20 oM b ic a r b o n a te  MEM-M. C u l­
t u r e s  i n  T r i s  medium w ere d iv id e d  so t h a t  one s e t  rem ained i n  s e a le d  
tu b e s ,  a  second s e t  was c o t t o n  p lugged , and a  t h i r d  s e t  was made CO2  d e f i ­
c i e n t  ^y  means o f  a  p o ta s s iu m  h y d rox ide  t r a p .  A f t e r  24 hours  a l l  media 
were changed , and a f t e r  48 h o u rs  under th e  e x p e r im e n ta l  c o n d i t i o n s  v i r u s  
a d s o r p t i o n  s t u d i e s  were done.
Each o f  th e  fo u r  v i r u s e s  was t r e a t e d  i n  a  s i m i l a r  m anner. The 
seed v i r u s  was d i l u t e d  to  10“^  i n  DPBS-5 supplem ented  w ith  d ia ly z e d  c a l f  
serum. A f t e r  a s p i r a t i o n  o f  t h e  e x p e r im e n ta l  medium, 0 .2  ml o f  d i l u t e d  
v i r u s  s u sp e n s io n s  w ere added t o  each c u l t u r e .  C lean ,  s t e r i l e  c u l t u r e  
t u b e s ,  p r e v io u s l y  r i n s e d  w i th  1 .0  ml o f  DPBS-5, w ere a l s o  i n o c u la t e d  w ith  
0 .2  ml o f  th e  v i r u s  s u s p e n s io n .  Some o f  th e  c o n t r o l  tu b es  w ere  c o t t o n
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plugged d u r in g  Che th r e e  hour a d s o r p t i o n  p e r io d  a t  30 to  32 C, w h ile  
th e  rem a in d e r  were s e a le d  w i th  ru b b e r  s to p p e r s .  A l l  c o n t r o l  tu b es  
w ere a g i t a t e d  and t r e a t e d  i n  th e  same manner as th e  c e l l  c u l t u r e s  d u r ­
in g  a d s o r p t i o n .  Samples o f  th e  o r i g i n a l  10~^ v i r u s  d i l u t i o n ,  as  w e l l  
a s  unadsorbed  v i r u s  from th e  c o n t r o l  tu b e s  and from th e  c u l t u r e s ,  were 
f ro z e n  q u ic k ly  and s to r e d  a t  -65 C u n t i l  th e y  cou ld  be a s s a y e d .  In  
T ab le  35 i t  may be seen  t h a t  d i f f e r e n c e s  i n  v i r u s  i n a c t i v a t i o n  i n  e i t h e r  
open o r  c lo s e d  c u l t u r e s  w ere  n o t  r e m a rk a b le .  T i t e r s  from c o n t r o l  tu b es  
w ere com parab le  to  th o s e  o f  th e  o r i g i n a l  v i r u s  inoculum . When compar­
in g  th e  amount o f  v i r u s  adso rbed  to  HeLa c e l l s  grown under d i f f e r e n t  
e n v i ro n m e n ta l  c o n d i t i o n s ,  o n ly  s l i g h t  d i f f e r e n c e s  i n  v i r u s  t i t e r s  were 




Amount o f  V irus Recovered a f t e r  A d so rp t io n *
A d so rp t io n
Environment
V a c c in ia Herpes Simplex
D S t r a i n 0 S t r a i n  HF S t r a i n M S t r a i n
I n i t i a l  inoculum** 2 . 4 c 2 .6 2 .6 2 .5
G lass  t u b e s ,  no cells** 
Closed® 2 .0 2 .5 2 .0 2 .5
Open^ 1 .8 2 .5 2 .2 2 .6
B ic a rb o n a te  c e l ls ®  
C losed 1 .8 2 .2 1 .6 2 .3
T r i s  cells**
Closed 1 .8 2 .4 1 .8 2 .5
T r i s  c e l l s ,  CO2  t r a p  
C losed 1 .8 2 .5 1 .8 2 .5
T r i s  c e l l s
Open 1 .8 2 .4 2 .2 2 .4
^ A d so rp tio n s  a t  30 to  32 C fo r  t h r e e  h o u r s .
^Average TCID^g o f  fo u r  t i t r a t i o n s .
^TCID^Q e x p re s se d  a s  p o s i t i v e  log^g  o f  th e  d i l u t i o n  p e r  0 .1  ml.
^ Inoculum  in c u b a te d  i n  tu b e s  w i th o u t  c e l l s .  
^Rubber s to p p e re d  tu b e s .
^Cotton  p lugged tu b e s .
ECrown in  MEM-M 20 nM b ic a r b o n a te .
N?rown in  MEM-M 10 inM T r i s .
CHAPTER IV
DISCUSSION
Comparison o f  Methods o f  C e l l  Enum eration 
Many t i s s u e  c u l t i i r i s t s  enq>loy th e  c e l l  n u c l e i  c o u n t in g  method 
o f  S an fo rd  a ^ .  (19 5 1 ) .  A lthough i t  i s  c o n v e n ie n t ,  such a te c h n iq u e  
in c lu d e s  a l l  i n t a c t  c e l l s ,  b o th  l i v i n g  and dead . For the  p u rp o ses  o f  
t h i s  i n v e s t i g a t i o n  th e  enum era tion  o f  v i a b l e  c e l l s  was o f  more v a lu e  
th a n  th e  t o t a l  number o f  c e l l s .  S e v e ra l  compounds such as  t r y p a n  b lu e ,  
n i g r o s i n ,  e o s i n ,  s a f r a n i n ,  and e r y t h r o s i n  have been  used to  enum erate  
v i a b l e  c e l l s .  A l l  o f  th e s e  dyes s t a i n  dead c e l l s  and n o t  v i a b l e  c e l l s .  
K a ltenbach  et^ a l . (1958) concluded  t h a t  th e  b e s t  dye f o r  v i a b l e  c e l l  
enum era tion  was n i g r o s i n .  Most p r o to c o l s  s p e c i f y  th e  use  o f  a  b a lan ced  
s a l t  s o l u t i o n  a s  a  c e l l  d i l u e n t .  In  th e  p r e s e n t  s tu d y ,  when n i g r o s i n  
o r  t r y p a n  b lu e  w ere  employed w i th  DFBS as  th e  d i l u e n t ,  th e  numbers o f  
v i a b l e  c e l l s  w ere  c o n s i s t e n t l y  low and w ere p r o g r e s s iv e ly  low er on r e ­
p e a te d  en u m era tio n  o f  th e  same sam ple. When f i v e  p e r  c e n t  c a l f  serum 
was in c o rp o r a tè d  i n t o  th e  d i l u e n t ,  th e  c e l l s  were s t a b i l i z e d  and coun ts  
w ere r e p e a t e d l y  r e p r o d u c i b l e .  T h is  o b s e r v a t io n  p a r a l l e l s  t h a t  o f  
P h i l l i p s  and Andrews (1959) t h a t  t i s s u e  c u l t u r e  c e l l s  r a p i d l y  l o s t  t h e i r  
v i a b i l i t y  upon s ta n d in g  in  a  b u f f e r e d  s a l t  s o l u t i o n  u n le s s  th e  c e l l s  
w ere p r o t e c t e d  by th e  a d d i t i o n  o f  a  c o l l o i d ,  such a s  p r o t e i n  o r
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m e t h y l c e l l u l o s e .  On th e  b a s i s  o f  th e s e  s t u d i e s  t ry p a n  b lu e  was s e l e c t e d  
f o r  u se  th ro u g h o u t  t h e  e x p e r im e n ta l  w ork.
Clunq>ing o f  t h e  c e l l s  was an i n i t i a l  p rob lem . T ry p s in  a lo n e  was 
n o t  e f f e c t i v e  i n  p ro d u c in g  a  m onodispersed  c e l l  su s p e n s io n ,  b u t  th e  a d d i -  
t i o n  o f  0 .1  p e r  c e n t  sodium c i t r a t e  m inim ized t h i s  so u rc e  o f  e r r o r .
Development o f  an  Assay Method f o r  H erpes Simplex V iru s  
S e v e ra l  i .o s t  c e l l  l i n e s  cou ld  have been  u t i l i z e d  s u c c e s s f u l l y  
i n  t h i s  i n v e s t i g a t i o n .  Chick embryo c e l l s  w ere  found to  be  10 to  100 
tim es  more s e n s i t i v e  t o  i n f e c t i o n  w i th  h e rp e s  s im p lex  v i r u s  i n f e c t i o n  
th a n  o th e r  c e l l  l i n e s  t e s t e d ,  b u t  f a c t o r s  such  as  a v a i l a b i l i t y ,  e a se  o f  
h a n d l in g ,  m a in tenance  o f  c u l t u r e s ,  and v a r i a b i l i t y  were param ount i n  th e  
d e c i s i o n  to  u se  a  s e r i a l l y  p ro p ag a ted  c e l l  l i n e .  Of th e  t h r e e  s e r i a l l y  
p ro p a g a te d  c e l l  s t r a i n s  i n v e s t i g a t e d ,  HeLa-lO proved to  be  th e  most 
s a t i s f a c t o r y .  The FL s t r a i n  o f  human amnion c e l l s  and th e  HeLa-MA human 
c e r v i c a l  carc inom a c e l l s  have been  m a in ta in e d  i n  c h e m ic a l ly  d e f in e d  
media supplem ented  w i th  up to  20 p e r  c e n t  serum  and b o th  c e l l  ty p es  
w ere r a t h e r  f r a g i l e  and e a s i l y  a f f e c t e d  by a d v e r s e  growth c o n d i t i o n s .  
D uring  th e  p e r io d  t h a t  i t  was m a in ta in e d  i n  t h i s  l a b o r a t o r y ,  th e  HeLa-10  
l i n e  had b een  ad ap ted  t o  a  medium which c o n ta in e d  o n ly  f i v e  p e r  c e n t  
serum . T here  was e s s e n t i a l l y  no n o n s p e c i f i c  d e g e n e ra t io n  o f  th e  HeLa-10 
c e l l s  f o r  f i v e  days w i th o u t  a  medium change , w hereas  FL and HeLa-MA 
c e l l s  d e g e n e ra te d  r a p i d l y  i n  medium which c o n ta in e d  f i v e  p e r  c e n t  serum . 
S in ce  n o n s p e c i f i c  d e g e n e r a t io n  was n o t  a  p rob lem  w ith  th e  HeLa-10 c e l l s ,  
CPE a p p ea red  e a r l i e r  and was more e a s i l y  v i s u a l i z e d .
S in ce  h e rp e s  s i n ^ l e x  v i r u s  i s  e x t re m e ly  l a b i l e ,  v a r io u s  f a c t o r s  
w ere i n v e s t i g a t e d  t o  d e te rm in e  o p t im a l  c o n d i t io n s  fo r  a  s im p le  and
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r e p r o d u c i b l e  method o f  t i t r a t i o n .  The o p t im a l  t im e and te m p e ra tu re  fo r  
a d s o r p t i o n  o f  v i r u s  were found to  be two h ou rs  a t  30 t o  32 C. At th e se  
te m p e ra tu re s  a d s o r p t i o n  o f  v i r u s  was maximal and I n a c t i v a t i o n  o f  v i r u s  
was m in im al.  T h is  te m p e ra tu re  was a l s o  favo red  by W aterson (1 9 5 9 ) ,  bu t  
I n  h i s  system  a  p e r io d  o f  fo u r  hours  was n e c e s s a ry  f o r  maximal a d s o r p ­
t i o n .  An I n c r e a s e  from 0 .1  p e r  c e n t  t o  0 .2  pe r  c e n t  g lu c o se  In  the  
m a in ten an ce  medium r e s u l t e d  In  s l i g h t l y  h ig h e r  v i r u s  t i t e r s ,  and th e  
c e l l s  appea red  t o  be In  b e t t e r  m o rp h o lo g ic a l  c o n d i t io n  d u r in g  th e  p e r io d  
o f  o b s e r v a t i o n .  S t a n d a r d i z a t io n  o f  th e s e  and o th e r  v a r i a b l e s  r e s u l t e d  
In  a  c o n v e n ie n t  a s s a y  p ro c e d u re  which was r e p r o d u c i b l e  w i th i n  + 0 .5  log^g .
S ince  t h e  e f f e c t s  o f  v a r io u s  b u f f e r s  on c e l l  growth and v i r u s  
p r o l i f e r a t i o n  w ere  t o  be c o n s id e re d .  I t  was Im p o r ta n t  t h a t  th e  medium 
u sed  In  th e  p r e p a r a t i o n  o f  th e  v i r u s  p o o l s ,  and a s  th e  d i l u e n t ,  should  
be  b i c a r b o n a t e - f r e e ,  and sh o u ld  p r o t e c t  t h e  v i r u s  I n f e c t l v l t y .  D u lb ecc o 's  
p h o sp h a te  b u f f e r e d  s a l i n e ,  supplem ented w i th  f i v e  p e r  c e n t ,  h e a t - i n a c t i ­
v a t e d ,  d ia ly z e d  c a l f  serum, was s a t i s f a c t o r y  i n  a l l  r e s p e c t s .  Thus, the  
v i r u s  p o o ls  w ere f r e e  o f  n u t r i e n t s  e x c e p t  f o r  th e  serum component and 
th e y  c o n ta in e d  no added b i c a r b o n a t e .
M ain tenance  o f  T o n i c i t i e s  o f  S o lu t io n s
I n  p r e v io u s  r e p o r t s  which d e s c r ib e d  th e  e f f e c t s  o f  b ic a r b o n a te  
c o n c e n t r a t i o n  on v i r a l  r e p l i c a t i o n ,  no m en tion  was made o f  e f f o r t s  to  
com pensate  f o r  che a l t e r a t i o n  o f  b i c a r b o n a te  In  th e  media In  o r d e r  to  
m a in ta in  th e  t o n i c i t i e s  o f  th e  s o l u t i o n s  (Vogt e t  a l . , 1957; Hsung and 
M e ln lck ,  1958; Chang, 1959; Q u e r s ln - T h l r y , 1961; and Mosley and E nders ,  
1 9 6 2 ) .  The t o n i c i t y  o f  th e  medium and s p e c i f i c a l l y  th e  c o n c e n t r a t i o n
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o f  sodium c h l o r i d e  was shown by S t u b b l e f i e l d  and M u e lle r  (1960) to  
a f f e c t  th e  grow th , b io c h e m ic a l  c o m p o s i t io n ,  and m e tabo lism  o f  HeLa 
c e l l s .  R e c e n t ly  i t  has been  su g g e s te d  t h a t  th e  e x p r e s s io n  o f  th e  d 
marker o f  p o l i o v i r u s  may n o t  be due to  b ic a r b o n a te  d e f i c i e n c y ,  b u t  to  
th e  low ered t o n i c i t y  o f  th e  medium when b ic a r b o n a te  was o m i t te d  (Agol 
and Chumakova, 1962). S in c e ,  i n  th e  p r e s e n t  i n v e s t i g a t i o n ,  t o n i c i t i e s  
w ere m a in ta in e d  a t  norm al v a lu e s  o f  BBSS by r e g u l a t i o n  o f  amounts o f  
sodium b ic a r b o n a te  and sodium c h l o r i d e  i n  th e  m edia , i t  does  n o t  seem 
l i k e l y  t h a t  a l t e r e d  t o n i c i t i e s  in f lu e n c e d  th e  r e s u l t s .
P r e l im in a ry  s t u d i e s  i n  t h i s  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  b i ­
c a rb o n a te  d e p l e t i o n  on th e  r e p l i c a t i o n  o f  h e rp e s  s im p lex  v i r u s  i n d i ­
c a te d  t h a t  v i r u s  p ro d u c t io n  was n o t  i n h i b i t e d .  T h is  o b s e r v a t io n  was 
c o m p le te ly  u n e x p la in a b le  s in c e  Chang (1 9 5 9 ) ,  u s in g  c e l l s  made C 0 2 -d e f i -  
c i e n t  w i th  a l k a l i n e  CO2  t r a p s ,  showed s u p p re s s io n  o f  s e v e r a l  v i r u s e s .  
V a c c in ia  v i r u s ,  shown by Chang (1959) to  be i n h i b i t e d  by a  COg d e f i ­
c i e n c y ,  was in c lu d e d  i n  t h i s  s tu d y  b ecau se  th e  n u c l e ic  a c id  o f  b o th  
v i r u s e s  h as  been  shown t o  be  d e s o x y r ib o n u c le ic  a c id  (DMA) (Smadel e t  
a l . . 1940; Hoagland a l . . , 1940; and E p s te in ,  1962) .  Two s t r a i n s ,
HF h e rp e s  s im p lex  and D v a c c i n i a  v i r u s e s ,  w ere w e l l  documented l a b o r a ­
to r y  s t r a i n s .  The two newly i s o l a t e d  v i r u s e s ,  H h e rp e s  s im p lex  and 0 
v a c c i n i a ,  w ere in c lu d e d  in  s e v e r a l  s t u d i e s  t o  d e te rm in e  i f  they  behaved 
i n  th e  same manner a s  th e  e s t a b l i s h e d  s t r a i n s .
E f f e c t  o f  V a r i a t i o n  o f  B u f fe r s  
Media b u f f e r e d  w i th  b ic a r b o n a te  i n  c o n c e n t r a t i o n s  o f  20 mM or 
l e s s  d id  n o t  g r o s s l y  a f f e c t  th e  growth o f  th e  h o s t  c e l l s  o r  r e p l i c a t i o n  
o f  e i t h e r  v i r u s  i n  ru b b e r  s to p p e re d  c u l t u r e s .  I n  media c o n ta in in g  low
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c o n c e n t r a t i o n s  o f  b i c a r b o n a te ,  chang ing  th e  medium d a i l y  p rev e n te d  c e l l  
damage due to  low pH.
When T r i s  was s u b s t i t u t e d  f o r  b ic a r b o n a te  i n  c u l t u r e s  grown in  
c lo s e d  sy s te m s ,  no d e l e t e r i o u s  e f f e c t s  to  th e  h o s t  c e l l s  were d i s c e r n ­
i b l e  so  long  as th e  c o n c e n t r a t i o n  o f  T r i s  d id  n o t  exceed 10 oM. Growth 
o f  c e l l s  cea sed  r a p i d l y  a t  20 nM c o n c e n t r a t i o n s  o f  T r i s ,  a l th o u g h  Swim 
and P a rk e r  (1955) found t h a t  t h i s  c o n c e n t r a t i o n  was n o t  t o x i c  fo r  c e l l s  
i n  t h e i r  e x p e r im e n ta l  sy s tem . In  th e  s t u d i e s  r e p o r te d  h e r e ,  th e  amount 
o f  i n f e c t i o u s  v i r u s  p roduced  by c u l t u r e s  grown in  T r i s  b u f f e r e d  media 
was com parable  t o  t h a t  produced  i n  b i c a r b o n a t e - c o n ta in i n g  media when 
b o th  ty p e s  o f  c u l t u r e s  were m a in ta in e d  i n  c lo s e d  sy s te m s .  T ig h t ly  
s e a l e d ,  ru b b e r  s to p p e re d  c u l t u r e s  a l low ed  m e ta b o l i c a l ly -p ro d u c e d  CO2  
t o  accum ula te  to  l e v e l s  w hich would s u p p o r t  c e l l u l a r  g row th , even i f  
no b ic a r b o n a te  were added to  th e  media (Swim, 1961).
The rem a rk ab le  d i f f e r e n c e s  i n  th e  ty p e  o f  CPE produced  by HF 
h e rp e s  s im p lex  v i r u s  i n  HeLa c e l l s  i n  T r i s ,  a s  compared w i th  b ic a r b o n ­
a t e - b u f f e r e d  media a p p a r e n t ly  has  n o t  been  r e p o r te d  p r e v io u s l y .  A l ­
though  P o r t e r f i e l d  and A l l i s o n  (1960) d e s c r ib e d  enhanced  p la q u e  f o r ­
m a tion  by b o th  h e rp e s  s im p lex  and v a c c in i a  v i r u s e s  under a g a r  b u f f e r e d  
w i th  T r i s ,  th e y  d id  n o t  m ention  m orpholog ic  changes i n  th e  in f e c t e d  
c e l l s .  They p o s tu l a t e d  t h a t  enhancement o f  p la q u e  fo rm a t io n  m ight be 
a s s o c i a t e d  w i th  a g r e a t e r  e f f i c i e n c y  i n  th e  a d s o r p t io n  o f  v i r u s  i n  T r i s  
b u f f e r e d  m edia .  Gray e ^  a ^ .  (1958) d e s c r ib e d  d i s t i n c t  d i f f e r e n c e s  i n  
th e  ty p e  o f  CPE produced by d i f f e r e n t  s t r a i n s  o f  h e rp es  s im p lex  v i r u s  
in  HeLa c e l l s  c u l t i v a t e d  i n  b i c a r b o n a te - c o n ta in i n g  m edia .  Hoggan e ^  a l .  
(1961) w ere  a b le  to  s e p a r a t e  th e  g i a n t  c e l l - f o r m i n g  v a r i a n t  o f  h e rp e s
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s im p lex  v i r u s  from th e  v a r i a n t  w hich produced th e  p r o l i f e r a t i v e  type o f  
CPE, and th e y  d e m o n s tra ted  t h a t ,  a l th o u g h  th e  two v a r i a n t s  produce d i f ­
f e r e n t  ty p e s  o f  c y t o p a th i c  e f f e c t s ,  th ey  a r e  im m uno log ica lly  i d e n t i c a l .  
The c h a r a c t e r  ap p ea red  to  be s t a b l e  s in c e  th e  same type  o f  CPE was p r o ­
duced r e g u l a r l y  under g iv e n  c o n d i t io n s  o f  in c u b a t io n .  The HF s t r a i n  o f  
h e rp e s  s iiq> lex  v i r u s  w hich was used  i n  t h i s  i n v e s t i g a t i o n  produced  g i a n t  
c e l l s  i n  b ic a r b o n a te - c o n ta in i n g  m ed ia .  No t y p i c a l  p r o l i f e r a t i v e  l e s io n s  
had been  d em o n s tra te d  p r e v io u s ly  i n  HeLa c e l l s .
I n  th e  p r e s e n t  s tu d y  r e p l i c a t e  tu b e  c u l t u r e s  were grown in  b i c a r ­
b o n a t e -  and T r i s - b u f f e r e d  e x p e r im e n ta l  media and b o th  groups were i n f e c ­
te d  w i th  th e  same inoculum  o f  HF h e rp e s  s im plex  v i r u s .  I n  b i c a r b o n a te -  
c o n t a in in g  medium, g i a n t  c e l l  fo rm a t io n  o ccu rred  a s  u s u a l ,  b u t  i n  T r i s -  
b u f f e r e d  medium no g i a n t  c e l l s  w ere  formed, and i n s t e a d ,  i n d i v i d u a l  c e l l  
o u t l i n e s  became more d i s t i n c t  th a n  th o se  o f  s u r ro u n d in g ,  u n in f e c te d  
c e l l s .  T h is  d i f f e r e n c e  in  th e  ty p e  o f  CPE produced by th e  HF s t r a i n  
o f  h e rp e s  s im p lex  v i r u s  i n  b ic a r b o n a t e -  and in  T r i s - b u f f e r e d  media could  
acc o u n t  f o r  th e  o b s e r v a t io n s  o f  P o r t e r f i e l d  and A l l i s o n  (1960) r e g a rd in g  
th e  enhanced p la q u e  fo rm a t io n  by th e  v i r u s  under T r i s - b u f f e r e d ,  ag a r  
o v e r l a y .
The M s t r a i n  o f  h e rp e s  s im p lex  v i r u s  produced a p r o l i f e r a t i v e  
ty p e  o f  c e l l  l e s i o n  i n  b o th  b i c a r b o n a t e -  and T r i s - c o n ta in in g  m edia. 
W aterson  (1959) r e p o r t e d  t h a t  some s t r a i n s  o f  h e rp e s  s im p lex  v i r u s  d id  
n o t  form p la q u e s  i n  c h ic k  embryo m onolayers  under a g a r  o v e r l a y s .  I t  i s  
p o s s i b l e  t h a t  he was u s in g  h e rp e s  s im p lex  v i r u s  s t r a i n s  w hich formed 
th e  p r o l i f e r a t i v e  type  o f  l e s i o n s .
The D and 0  s t r a i n s  o f  v a c c i n i a  v i r u s  p roduced  t i g h t ,  n o d u la r
132
ty p e  l e s i o n s  i n  b i c a r b o n a t e - c o n ta in i n g  m ed ia ; i n  T r i s - b u f f e r e d  media the  
l e s i o n s  were d i f f u s e  and th e  n e c r o t i c  a r e a s  were wide s p re a d .  These 
d i f f e r e n c e s  i n  CPE cou ld  a c c o u n t  f o r  th e  enhanced p la q u e  fo rm a t io n  under 
th e  e x p e r im e n ta l  c o n d i t io n s  d e s c r ib e d  by P o r t e r f i e l d  and A l l i s o n  (1 960 ) .
Carbon D iox ide  D e f ic ie n c y
Geyer and Chang (1958) showed t h a t  a l k a l i n e  CO2  t r a p s  were e f f e c ­
t i v e  i n  e l im i n a t in g  d e t e c t a b l e  CO2  i n  T r i s - b u f f e r e d  HeLa c e l l  c u l t u r e s ;  
m u l t i p l i c a t i o n  o f  c e l l s  cea sed  u nder  th e s e  c o n d i t i o n s .  They w ere a b le  
t o  show, how ever, t h a t  i f  b i c a r b o n a te  w ere added t o  th e  medium and th e  
CÔ2  t r a p  removed, norm al growth would resume a t  any tim e up t o  14 d a y s .
Swim (1961) d e s c r ib e d  c o n d i t io n s  o f  CO2  d e f i c i e n c y  which were 
c r e a t e d  by th e  s u b s t i t u t i o n  o f  a  p h o s p h i te  o r  T r i s  b u f f e r  f o r  b ic a r b o n ­
a t e .  C u l tu r e s  w ere c lo s e d  w i th  lo o s e ly  f i t t e d  m e ta l  caps  r a t h e r  th a n  
w i th  ru b b e r  s to p p e r s .  The m e ta l  caps a l lo w ed  f r e e  gaseous  exchange 
between th e  c u l t u r e s  and th e  su r ro u n d in g  a tm osphere  so  t h a t  CO2  d i f f u s e d  
c o n t in u o u s ly  i n t o  th e  a tm osphere  a s  r a p i d l y  as  i t  was produced by th e  
c e l l s .  Under th e s e  c o n d i t io n s  c e l l  grow th a l s o  c e a s e d ,  b u t  i t  began 
a g a in  when th e  c u l t u r e s  were s e a le d  w i th  ru b b e r  s t o p p e r s ,  even though 
no b ic a r b o n a te  was added to  th e  medium. I n h i b i t i o n  o f  c e l l  growth under 
normal a tm o sp h e r ic  c o n d i t io n s  i s  p ro b ab ly  n o t  due t o  u n fa v o ra b le  oxygen 
c o n c e n t r a t i o n  s in c e  R u eck e r t  and M u e lle r  (1960) showed t h a t  20 to  30 
p e r  c e n t  oxygen, th e  oxygen t e n s i o n  o f  o r d in a r y  a i r ,  was o p t im a l  fo r  
HeLa c e l l  grow th . I f  oxygen w ere r e s p o n s i b l e  f o r  th e  d i f f e r e n c e  in  
c e l l  g row th , c e l l  m u l t i p l i c a t i o n  i n  open c u l t u r e s  sh o u ld  p roceed  more 
r a p i d l y  th a n  i n  c lo s e d  c u l t u r e s  where oxygen i s  u t i l i z e d  c o n t i n u a l l y  in  
m e ta b o l ic  a c t i v i t i e s .
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An e x t e n s i v e  s e a r c h  o f  th e  l i t e r a t u r e  r e v e a le d  o n ly  two r e p o r t s  
on th e  u se  o f  C 0 2 - d e f l c l e n t  c e l l s  f o r  s tu d y in g  r e p l i c a t i o n  o f  v i r u s e s  
(Chang, 1959; M osley and E n d e rs ,  1962). Two o f  th e  t h r e e  v i r u s e s  s tu d ie d  
by Chang, v a c c i n i a  and C o x sa c k ie ,  w ere c o m p le te ly  i n h i b i t e d  under c o n d i ­
t i o n s  o f  CO2  d e p l e t i o n  c r e a t e d  w i th  CO2  t r a p e .  A lthough  th e  r e p l i c a t i o n  
o f  p o l i o v i r u s  was g r e a t l y  d e c re a s e d  under th e s e  c o n d i t i o n s ,  i t  was n o t  
co m p le te ly  s u p p re s s e d .  These  r e s u l t s  r e p r e s e n t  th e  f i r s t  d i r e c t  e v i ­
dence  t h a t  t h e r e  a r e  d i f f e r e n c e s  i n  s u s c e p t i b i l i t y  o f  v i r u s e s  t o  CO2  
d e f i c i e n c y .  M osley and E nders  c o n t in u e d  s t u d i e s  on p o l i o v i r u s  and 
showed t h a t  th e  d -  m arker was d em o n s tra b le  i n  open monkey k id n e y  c e l l  
c u l t u r e s  i n  l i q u i d  medium w here COg p r e s s u r e s  were a t  low l e v e l s .
The s t u d i e s  p r e s e n te d  h e r e  confirm ed  s e v e r a l  o b s e r v a t io n s  o f  
Chang and o f  M osley and E n d e rs .  I t  was p o s s i b l e  t o  c r e a t e  CO2 - d e f i c i e n t  
HeLa c e l l s  a s  d e m o n s tra te d  by  c e s s a t i o n  o f  c e l l  m u l t i p l i c a t i o n  w i th  an  
a l k a l i n e  CO2  t r a p  o r  by t h e  u se  o f  open c u l t u r e s .  F o r  open c u l t u r e s ,  
c o t to n  p lu g s ,  su g g e s te d  by  M osley and Enders (1 9 6 2 ) ,  w ere used i n  p la c e  
o f  th e  lo o s e l y  f i t t e d  m e ta l  caps  d e s c r ib e d  by Swim (1 9 6 1 ) .  I n  th e  p r e ­
s e n t  i n v e s t i g a t i o n  24 t o  36 h o u rs  w ere n e c e s s a r y  b e f o r e  growth o f  th e  
c e l l s  c e a s e d .  T h is  tim e p ro b a b ly  r e p r e s e n te d  th e  t im e  r e q u i r e d  to  
d e p l e t e  th e  a v a i l a b l e  r e s e r v o i r  o f  b i c a r b o n a te .  Under th e s e  c o n d i t io n s  
r e p l i c a t i o n  o f  two s t r a i n s  o f  v a c c i n i a  v i r u s  was c u r t a i l e d  m arked ly ,  
though n o t  h a l t e d  c o m p le te ly .  Complete CO2  d e p l e t i o n ,  such  a s  Chang 
d e s c r ib e d ,  p ro b a b ly  was n o t  ach ie v e d  s in c e  th e  medium was changed d a i l y .  
Even though tu b e s  w i th  CO2  t r a p s  were n o t  opened to  th e  a i r  d u r in g  th e  
medium change , s m a l l  amounts o f  CO2  d i s s o lv e d  in  th e  medium w ere p r o ­
b a b ly  in t ro d u c e d  each  d a y .  I n  C hang 's  e3q>eriments th e  medium was changed
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a t  t h r e e  day I n t e r v a l s .  D i f f e r e n c e s  in  th e  s u s c e p t i b i l i t y  o f  the  
s t r a i n s  o f  HeLa c e l l s  employed cou ld  be a f a c t o r  i n  f a i l u r e  to  o b ta in  
com plete  i n h i b i t i o n  o f  r e p l i c a t i o n  o f  v a c c in i a  v i r u s .
When h e rp es  s im p lex  v i r u s  was exposed to  th e  same e x p e r im e n ta l  
c o n d i t io n s  t h e r e  was no a p p a re n t  d i f f e r e n c e  betw een the  amount o f  i n f e c ­
t i o u s  v i r u s  produced  by C O ^ -d e f ic ie n t  and by normal c e l l s .  P ro d u c t io n  
o f  com parable  amounts o f  i n f e c t i o u s  h e rp e s  s im p lex  v i r u s  under  the  d i f ­
f e r e n t  c o n d i t io n s  o f  in c u b a t io n  was d i f f i c u l t  to  e x p la in  s in c e  th e re  
were few er c e l l s  i n  th e  CO2 - d e f i c i e n t  c u l t u r e s  than  in  normal c u l t u r e s .  
However, when one c o n s id e r s  th e  sm a l l  s i z e  o f  th e  i n i t i a l  v i r u s  i n o ­
culum in  r e l a t i o n  to  th e  number o f  c e l l s  (a p p ro x im a te ly  2 .5  TCID^q, 
log lO i to  1 X 10^ norm al o r  7 x 10^ C O ^ -d e f ic ie n t  c e l l s ) , i t  i s  a p ­
p a r e n t  t h a t  th e  same amount o f  v i r u s  cou ld  be adso rbed  in  e i t h e r  c a s e .  
S tu d ie s  on th e  a d s o r p t i o n  p ro c e s s  i n d i c a te d  t h a t  t h e r e  was no d e t e c ­
t a b l e  d i f f e r e n c e  i n  a d s o r p t i o n  o f  v i r u s  under th e  v a r io u s  e x p e r im e n ta l  
c o n d i t i o n s .
S in ce  th e  n u c l e i c  a c id  c o n ta in e d  in  v a c c in i a  and h e rp e s  s im p lex  
v i r u s e s  i s  DNA, and CO2  f i x a t i o n  i s  n e c e s s a ry  f o r  p u r in e  s y n th e s i s  
(Buchanan and W ilson ,  1953),  and p u r in e  b a s e s  a r e  i n  b o th  DNA and RNA, 
th e  d i f f e r e n c e s  betw een v a c c in ia  and h e rp e s  s im p lex  v i r u s  r e p l i c a t i o n  
under c o n d i t io n s  o f  CO2  d e f i c i e n c y  a r e  d i f f i c u l t  to  e x p l a in  on th e  
b a s i s  o f  what i s  known r e g a r d in g  t h e i r  m e ta b o l ic  a c t i v i t y .  I t  i s  i n t e r ­
e s t i n g  to  s p e c u la te  on th e  known d i f f e r e n c e s  i n  th e  m e ta b o l ic  a c t i v i t y  
o f  th e  two v i r u s e s .  I t  has  been  r e p o r te d  t h a t  t h e r e  i s  an  i n i t i a l  i n ­
c r e a s e  i n  r i b o n u c l e i c  a c id  (RNA) in  th e  cy to p lasm  o f  c e l l s  in f e c t e d  
w i th  v a c c i n i a  v i r u s  w i th  no d e t e c t a b l e  i n c r e a s e  i n  DNA (Loh e t  a l . ,  1959;
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J o k l i k ,  1959; J o k l l k  and R o d r ic k ,  1959).  C o n v e rs e ly ,  when c e l l s  were 
I n f e c t e d  w i th  h e rp e s  s im p lex  v i r u s  th e  DNA c o n te n t  o f  the  n u c l e i  I n ­
c r e a s e d  i n i t i a l l y ,  w i th  no i n c r e a s e  in  c y to p la sm ic  RNA (Newton and 
S to k e r ,  1958). By th e  a d d i t i o n  o f  RNA and RNA d e r i v a t i v e s ,  Chang (1959) 
was a b l e  to  r e s t o r e  th e  r e p l i c a t i o n  o f  v a c c in i a  v i r u s  in  C O ^ -d e f ic ie n t  
c e l l s ,  b u t  DNA o r  DNA d e r i v a t i v e s  were n o t  e f f e c t i v e .  He s p e c u la te d  
t h a t  th e  v i r u s  i n i t i a l l y  cau sed  th e  p ro d u c t io n  o f  new p r o t e i n ,  presum ­
a b ly  enzymes, w hich w ere n e c e s s a ry  fo r  th e  fo rm a t io n  o f  v i r u s  compon­
e n t s .  P r o t e i n  s y n th e s i s  i s  governed  by RNA and s in c e  RNA o r  RNA d e r i ­
v a t i v e s  a l l e v i a t e d  th e  a d v e r s e  e f f e c t  o f  CO2  d e f i c i e n c y ,  i t  would seem 
t h a t  CO2  d e f i c i e n c y  i s  more c l o s e l y  r e l a t e d  t o  RNA th a n  to  DNA s y n t h e s i s ,  
even  though p u r i n e s ,  s y n th e s iz e d  i n  p a r t  from CO2 , a r e  in c o rp o r a te d  i n t o  
b o th .  Mosley and Enders (1962) a l s o  showed t h a t  RNA d e r i v a t i v e s  and 
o x a l o a c e t a te  w ere e f f e c t i v e  i n  r e v e r s in g  th e  e f f e c t  o f  b ic a r b o n a te  d e f i ­
c i e n c y  i n  monkey k idney  c e l l  c u l t u r e s  i n f e c t e d  w i th  c e r t a i n  s t r a i n s  o f  
p o l i o v i r u s .  I t  i s  p o s s i b l e  t h a t  CO2  d e f i c i e n c y  d id  n o t  a f f e c t  r e p l i ­
c a t i o n  o f  h e rp e s  s i n ç l e x  v i r u s  because  t h i s  v i r u s  does n o t  depend on 
an i n i t i a l l y  in c r e a s e d  s y n th e s i s  o f  RNA and t h e r e f o r e  i s  r e l a t i v e l y  i n d e ­
p en d en t o f  a  need fo r  in c r e a s e d  c o n c e n t r a t i o n s  o f  COg.
The f a c t s  t h a t  p u r in e  b a s e s  a r e  i n t e g r a l  p a r t s  o f  b o th  RNA and 
DNA, and CO2  i s  u t i l i z e d  i n  th e  s y n th e s i s  o f  p u r in e  b ase s  (Buchanan and 
W ilso n ,  1953) o f f e r  no e x p la n a t io n  fo r  d i f f e r e n c e s  i n  th e  r e p l i c a t i o n  
o f  v a c c in i a  and h e rp e s  s im p lex  v i r u s e s  under c o n d i t io n s  o f  COg d e f i c i e n c y .  
However, on th e  b a s i s  o f  r e s u l t s  p r e s e n te d  h e r e ,  t h e r e  a p p a r e n t ly  a r e  
d i f f e r e n c e s  i n  th e  s y n th e s i s  o f  RNA and DNA by v i r u s - i n f e c t e d  HeLa c e l l s  
w hich  can be r e l a t e d  t o  CO2  c o n c e n t r a t i o n .
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The p r e s e n t  i n v e s t i g a t i o n s  le av e  many problem s w orthy  o i  f u r th » r  
s tu d y .  The d i s s i m i l a r i t y  o f  th e  re q u ire m e n t  f o r  b ic a r b o n a te  d is p la y e d  
by two v i r u s e s  o f  s i m i l a r  ch em ica l co m p o s i t io n  sh o u ld  be i n v e s t i g a t e d  
in  g r e a t e r  d e t a i l .  The e f f e c t s  o f  CO2  d e f i c i e n c y  on o th e r  c e l l  c u l t u r e s  
o f  d i f f e r e n t  o r ig i n s  sh o u ld  be exam ined. There were d i s t i n c t  d i f f e r ­
ences  i n  th e  r e a c t i o n s  o f  HeLa c e l l s  used in  th e  p r e s e n t  s tu d y  and th o se  
o f  th e  monkey k idney  c e l l s  used by Mosley and Enders (1 9 6 2 ) .  The HeLa-10 
c e l l  c u l t u r e s  r e q u i r e d  from 24 to  36 h o u rs  b e f o r e  th e  e f f e c t s  o f  CO2  
d e f i c i e n c y  w ere  o p e r a t i v e  i n  i n h i b i t i n g  v i r u s  r e p l i c a t i o n .  F u tu re  s t u ­
d i e s  on r e p l i c a t i o n  o f  th e s e  v i r u s e s  under s i m i l a r  c o n d i t i o n s  should  
be conce rned  e s p e c i a l l y  w i th  th e  36 to  48 hour p e r io d  a f t e r  i n o c u l a t i o n  
o f  c e l l  c u l t u r e s  w i th  v i r u s .  I n  c u l t u r e s  o f  HeLa-10 c e l l s  m a in ta in e d  
i n  T r i s - b u f f e r e d  media i n  c lo s e d  sy s te m s ,  c o n t r o l  o f  th e  pH was a m ajor 
p rob lem . W ith in  12 to  18 h ou rs  th e  pH dropped from a p p ro x im a te ly  7 .5  
to  below 6 . 8 .  Changes i n  pH w ere l e s s  pronounced  in  open c u l t u r e s ,  
where th e  pH r a r e l y  dropped  below 7 .0 .  Mosley and Enders ob se rv ed  
o p p o s i te  e f f e c t s  u s in g  monkey k id n ey  c e l l  c u l t u r e s .  More g lu c o s e  was 
u sed ,  more l a c t a t e  a cc u m u la ted ,  and a lower pH deve loped  i n  t h e i r  open 
c u l t u r e s  th a n  in  t h e i r  c lo s e d  c u l t u r e s .  Such o bserved  d i f f e r e n c e s  in  
d i s s i m i l a r  v i r u s - h o s t  c e l l  system s i n d i c a t e  m a jo r  d i f f e r e n c e s  i n  th e  
m e ta b o l ic  p ro c e s s e s  an d ,  p e rh a p s ,  i n  s y n t h e s i s  o f  c e l l  com ponents . F u r ­
t h e r  s tu d y  o f  th e  e f f e c t  o f  CO2  d e f i c i e n c y  on b o th  th e  m u l t i p l i c a t i o n  
o f  mammalian c e l l s  ^  v i t r o  and r e p l i c a t i o n  o f  v i r u s  t h e r e i n  m ight add 
f u r t h e r  to  t h e  u n d e r s ta n d in g  o f  v i r u s  i n f e c t i o n .
CHAPTER V
SUMMARY
R e p l i c a t i o n  o f  two s t r a i n s  o f  h e rp e s  s in y l e x  v i r u s  and two 
s t r a i n s  o f  v a c c i n i a  v i r u s  was s tu d ie d  in  HeLa c e l l  c u l t u r e s  grown in  
media c o n ta in in g  d i f f e r e n t  b u f f e r s  and in c u b a te d  i n  d i f f e r e n t  gas phase  
c o n d i t i o n s .  R e l a t i v e l y  s im p le  methods f o r  r e p r o d u c ib le  q u a n t i t a t i o n  o f  
h o s t  c e l l s  and v i r u s e s  were d ev e lo p e d .
When t i g h t l y  c lo s e d  c u l t u r e s  o f  HeLa c e l l s  w ere grown in  E a g l e 's  
minimum e s s e n t i a l  medium c o n ta in in g  v a ry in g  c o n c e n t r a t i o n s  o f  sodium 
b ic a r b o n a te ,  marked d i f f e r e n c e s  i n  b u f f e r i n g  c a p a c i t y  and growth o f  
c e l l s  were e v i d e n t .  No e f f o r t  was made to  r e g u l a t e  and m a in ta in  pH 
v a lu e s  a t  p h y s i o l o g i c a l l y  c o m p a tib le  l e v e l s .  Under th e s e  c o n d i t i o n s ,
40 mM b ic a r b o n a te  d id  n o t  s u s t a i n  grow th o f  th e  c e l l s ,  and th e  pH o f  
th e  c u l t u r e s  r o s e  to  abou t 8 . 0 .  O ptim al grow th o f  c e l l s  was o b ta in e d  
i n  media w hich c o n ta in e d  f i v e  o r  10 mM b ic a r b o n a te  when th e  medium was 
changed d a i l y .  I n t r o d u c t i o n  o f  e i t h e r  h e rp e s  sinq>lex o r  v a c c in ia  v i r u s e s  
i n t o  growing c e l l  c u l t u r e s  p roduced  e s s e n t i a l l y  th e  same t i t e r s  o f  i n f e c ­
t i o u s  v i r u s  r e g a r d l e s s  o f  th e  amount o f  b ic a r b o n a te  added to  the  medium.
S im i la r  e x p e r im en ts  i n  c lo s e d  system s u t i l i z e d  v a ry in g  co n ce n ­
t r a t i o n s  o f  t r i s  (hydroxym ethy l)  aminomethane ( T r i s )  a s  a  s u b s t i t u t e  fo r  
b i c a r b o n a te .  At a  c o n c e n t r a t i o n  o f  20 mM, T r i s  was t o x i c  f o r  HeLa c e l l s .
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I n  media c o n ta in in g  10 oM T r i s ,  e x c e l l e n t  developm ent o f  c e l l s  was seen  
and p h y s i o l o g i c a l l y  c o m p a tib le  pH l e v e l s  were m a in ta in e d  f o r  a t  l e a s t  24 
h o u rs .  Lower c o n c e n t r a t i o n s  o f  T r i s  were l e s s  e f f e c t i v e  i n  b u f f e r i n g  
c a p a c i t y ,  b u t  ad eq u a te  grow th o f  th e  c e l l s  o c c u r re d  i f  th e  medium was 
changed d a i l y .  HeLa c e l l s  grown in  c lo se d  c u l t u r e s  w ith  T r i s - b u f f e r e d  
media cou ld  n o t  be d i s t i n g u i s h e d  m ic r o s c o p ic a l ly  from th o se  grown in  
b ic a r b o n a te  m ed ia .  When HF h e rp e s  s im p lex  v i r u s ,  o r  e i t h e r  s t r a i n  o f  
v a c c in ia  v i r u s  was added to  c e l l s  grown in  T r i s - b u f f e r e d  m edia ,  changes 
i n  th e  c e l l s  were m arked ly  d i f f e r e n t  from th o s e  seen  in  b ic a r b o n a te -  
c o n ta in in g  m edia .  On th e  o th e r  hand , th e  M s t r a i n  o f  h e rp es  s inq)lex  
v i r u s  produced  s i m i l a r  c y t o p a th i c  changes r e g a r d l e s s  o f  th e  medium used 
to  m a in ta in  th e  c e l l s .  R e p l i c a t i o n  o f  h e rp e s  s im p le x  and v a c c i n i a  
v i r u s e s  i n  c lo s e d  c e l l  c u l t u r e s  was e s s e n t i a l l y  th e  same r e g a r d l e s s  
o f  th e  amount o f  T r i s  u s e d ,  i f  th e  medium su p p o r te d  growth o f  th e  h o s t  
c e l l .  F u r th e rm o re ,  th e  amount o f  i n f e c t i o u s  v i r u s  produced i n  c u l t u r e s  
grown i n  T r i s  medium and in  b ic a r b o n a t e - b u f f e r e d  medium was e s s e n t i a l l y  
th e  same.
The s im p le  s u b s t i t u t i o n  o f  c o t to n  p lu g s  f o r  ru b b e r  s to p p e r s  
produced rem a rk ab le  changes i n  th e  growth o f  HeLa c e l l s  in  T r i s - c o n -  
t a i n i n g  medium. When c u l t u r e s  w ere th u s  a e r a t e d ,  growth o f  c e l l s  s topped  
w i th i n  24 to  36 h o u rs ,  b u t  a c o n s t a n t  number o f  v i a b l e  c e l l s  was m ain­
ta in e d  f o r  s e v e r a l  d a y s .  M ic r o s c o p ic a l ly ,  th e s e  c e l l s  appea red  l a r g e r  
th a n  norm al,  q u i t e  h y a l i n e ,  and d e l i c a t e .  When open c u l t u r e s  were i n f e c ­
t e d  w i th  h e rp e s  s im p lex  o r  v a c c in i a  v i r u s e s ,  marked d i f f e r e n c e s  i n  r e p l i ­
c a t i o n  o f  th e  two v i r u s e s  w ere e v i d e n t .  The amount o f  i n f e c t i o u s  v a c c in i a  
v i r u s  produced  was u s u a l l y  100 tim es  l e s s  i n  open c u l t u r e s  o f  HeLa c e l l s
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th a n  i n  s i m i l a r  c u l t u r e s  t i g h t l y  s e a le d  w i th  ru b b e r  s t o p p e r s ,  w hereas 
com parable  amounts o f  i n f e c t i o u s  h e rp e s  s im p lex  v i r u s  w ere  produced in  
e i t h e r  th e  open o r  c lo s e d  c u l t u r e s .
F u r th e r  e x p e r im en ts  in  w hich c u l t u r e s  were made CO2  d e f i c i e n t  
w i th  p o ta s s iu m  h y d ro x id e  t r a p s  con firm ed  th e s e  d i f f e r e n c e s  in  th e  e f f e c t  
o f  CO2  d e f i c i e n c y  on th e  two v i r u s e s .  Here a g a i n ,  r e p l i c a t i o n  o f  v a c ­
c i n i a  v i r u s  d im in is h e d  in  th e  C 0 2 ~ d e f ic ie n t  c u l t u r e s  o f  HeLa c e l l s ,  b u t  
s i m i l a r  amounts o f  h e rp es  s im p lex  v i r u s  were produced  i n  C O ^ -d e f ic ie n t  
and in  norm al c e l l  c u l t u r e s .
A d d i t i o n a l  ev id e n c e  t h a t  th e s e  d i f f e r e n c e s  i n  r e p l i c a t i o n  were 
due t o  CO2  d e f i c i e n c y  was ga ined  when c u l t u r e s  were opened to  th e  a i r ,  
by s u b s t i t u t i n g  c o t to n  p lu g s  f o r  ru b b e r  s t o p p e r s ,  a t  v a r io u s  tim es b e ­
fo r e  th e  i n t r o d u c t i o n  o f  v i r u s . When c lo s e d  c u l t u r e s  w ere  opened to  
th e  a i r ,  a  p e r io d  o f  a p p ro x im a te ly  24 to  36 h o u rs  was r e q u i r e d  b e f o r e  
c e l l  g row th  s to p p e d .  Maximum s u p p re s s io n  o f  v a c c in i a  v i r u s  r e p l i c a t i o n  
d id  n o t  o ccu r  u n t i l  a t  l e a s t  48 h o u rs  in c u b a t io n  in  an open  a tm osphere .  
When c u l t u r e s  w ere opened to  th e  a i r  a t  th e  tim e the  v i r u s  was i n t r o ­
duced , th e  r e p l i c a t i o n  o f  v a c c in i a  v i r u s  f o r  th e  f i r s t  24 to  36 h o u rs  
was eq u a l  to  t h a t  i n  c lo se d  c u l t u r e s ,  and a f t e r  t h a t  t im e  th e  amount o f  
i n f e c t i o u s  v i r u s  was l e s s  th an  t h a t  produced  i n  c lo se d  c u l t u r e s .  Deve­
lopment o f  h e rp e s  s im p lex  v i r u s  was n o t  a f f e c t e d  by open in g  th e  c u l t u r e s  
a t  any t im e .  Comparable amounts o f  i n f e c t i o u s  h e rp es  s i ü ÿ l e x  v i r u s  were 
found i n  c lo se d  c u l t u r e s ,  i n  c u l t u r e s  opened a t  th e  tim e th e  v i r u s  was 
i n t r o d u c e d ,  and i n  c u l t u r e s  opened a t  24, 48 , and 72 h o u rs  b e fo re  th e  
v i r u s  was added .
The d e m o n s t ra t io n  t h a t  two d e s o x y r ib o n u c le ic  a c i d - c o n ta i n in g
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v i r u s e s ,  h e rp e s  s lnqilex  and v a c c i n i a ,  d i f f e r  i n  t h e i r  i n t r a c e l l u l a r  
r e p l i c a t i o n  in  C O ^ -d e f ic ie n t  c e l l s  s u g g e s t s  m ajor d i f f e r e n c e s  i n  t h e i r  
s y n t h e s i s .  A p p a re n t ly ,  th e  developm ent o f  v a c c i n i a  v i r u s ,  b u t  n o t  
h e rp e s  s im p lex  v i r u s ,  depends on th e  p re s e n c e  o f  an  a d e q u a te  su p p ly  
o f  CO2 .
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